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Abstract 
 
Thymineless death (TLD) describes a universal phenomenon in which cells cannot 
recover after starvation for one of the four DNA precursors, dTTP. The mechanism of 
how cells lose viability during thymine starvation has remained a mystery for decades. In 
Escherichia coli, thymine-starved cells were observed to accumulate chromosomal 
breaks and induce the SOS response, indicating chromosomal damages, but it is unclear 
if the chromosomal damage is the cause of lethality. The goal of this work is to elucidate 
the mechanism of thymineless death, by investigating if the killing is caused by formation 
of irreparable chromosomal lesions, the mechanism of lesion formation, and 
characterization of the role of recombinational repair in preventing, repairing or 
generating these chromosomal lesions. 
 
I first characterized the extent of DNA replication, stability and damage during TLD 
using physical methods, such as pulse-field gel electrophoresis to measure levels of 
double strand breaks. I next investigated the role of major DNA repair and 
recombinational repair pathways by studying the effect of their inactivation on survival 
during thymine starvation. Genetic epistatic analysis was done to find out which 
recombinational repair pathways were beneficial and which ones were detrimental during 
thymine starvation, as well as what were the main players in each pathway. I checked 
how various beneficial or detrimental recombinational repair proteins contribute to the 
chromosomal abnormalities during TLD. I also compared the survival and chromosomal 
abnormalities of thymine starvation to other cases of abnormal replication, such as in 
hydroxyurea-treated cells, which are starved for all four DNA precursors but displayed a 
static rather than lethal effect. While doing so, I discovered the instability of hydroxyurea 
in solution and identified the decomposition products. 
 
In this work, I established the roles of all major recombinational repair proteins, 
including RecA, RecBCD, RecFOR, RecG, RuvABC and UvrD in thymineless death. I 
showed that stalling replication forks during thymine starvation leads to chromosomal 
fragmentation, partly due to replication fork disintegration.  I then proposed how parallel 
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futile repair of these chromosomal breaks leads to genotoxicity.  A model of how 
recombinational repair proteins contribute to destruction of replication origin via futile 
repair of double strand breaks from disintegrated replication forks is proposed at the end. 
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CHAPTER ONE 
 
Introduction 
 
1.1. The importance of balanced dNTP pools for high-fidelity replication 
 
Replication of the genetic material is a essential process in life.  Problems with DNA 
replication can result in mutagenesis and DNA damage that can lead to consequences 
such as decreased cell fitness or even death of the lineage.  Cells employ both avoidance 
and repair mechanisms to maintain genetic and chromosomal stability.  Replication 
fidelity is ensured in cells via both proofreading of misincorporations during replication 
and maintaining a correct balance of nucleotides in the DNA precursor pools.  Various 
DNA repair pathways, such as mismatch repair for misincorporations that escaped 
proofreading and recombinational repair for double strand breaks, can correct mistakes 
and lesions created during and following replication.  In Escherichia coli, 115 known 
genes (2.68% of the genome) are devoted to DNA replication, recombination, 
modification, and repair, and 58 known genes (1.35% of whole genome) are involved in 
nucleotide biosynthesis and metabolism.   
 
DNA synthesis is required for three processes in the cell: chromosomal replication, 
recombination and repair.  DNA synthesis is carried out by DNA polymerases using the 
dNTPs (dNTP + DNAn →   PPi + DNAn+1).  Five different DNA polymerases are known 
in E. coli, and 16 different ones are characterized in human cells so far, each serving a 
different function with varying polymerization rates and fidelity.  The four dNTPs used in 
DNA synthesis are dATP, dGTP, dTTP and dCTP.  dNTPs are always limiting in the 
sense that their intracellular pools represent about 1% of what is needed at any given time 
for a single round of chromosomal replication (Bochner and Ames 1982; Kornberg and 
Baker 1992).  The biosynthetic pathways of dNTPs are interlinked, and fluctuations in 
the concentration of any one dNTP will alter the concentration of the other dNTPs and 
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lead to imbalanced dNTP pools.  Imbalanced dNTP pools are mutagenic and sometimes 
genotoxic (see review (Kunz 1982)).   A classic example of how detrimental nucleotide 
pool imbalance can be is what happens when cells are starved for one of the four dNTPs, 
dTTP, in a phenomenon known as thymineless death (TLD). 
 
1.1.1. Nucleotide metabolism and thymine starvation. 
 
The synthesis of dTTP is unusual compared to the other dNTPs (Figure 1.1.).  First, 
dATP, dGTP, dCTP and dUTP are formed at the diphosphate levels (dNDPs) from the 
corresponding ribonucleotides (NDPs) by the same enzyme, ribonucletotide reductase 
(Nrd), while dTTP initially appears in the cell in monophosphate form (dTMP).  There 
are three pyrimidine dNTPs, as oppose to the two purine dNTPs, because dUTP, a close 
analog of dTTP, is an intermediate in the biosynthesis of dTTP. In vitro, dUTP can be 
utilized by DNA polymerase at 25% efficiency compared to dTTP (Kornberg and Baker 
1992).  The in vivo concentration of dUTP in E. coli, however, is maintained at low 
levels by the dUTPase (dut) enzyme, which hydrolyses dUTP to deoxyuridine 
monophosphate (dUMP) (Greenberg and Somerville 1962; Bertani, Haeggmark et al. 
1963), the immediate precursor of deoxythymidine monophosphate (dTMP).  Therefore, 
cellular levels of dUTP cannot support DNA synthesis in vivo.  Inactivation of the 
dUTPase allows massive dUTP incorporation into the chromosomal DNA (Neuhard and 
Kelln 1996).  The other pyrimidine deoxycytidine triphosphate, dCTP, can also be 
converted to dUTP, then into dUMP and ultimately to dTMP as described above.  
Therefore, dTTP is the only terminal product of the pyrimidine biosynthetic pathway.  
Most importantly, thymidylate synthesis is coupled with folate metabolism, which serves 
as the methyl donor to many other important cellular processes.  De novo biosynthesis of 
dTTP starts from the key enzyme thymidylate synthetase (TS), encoded by thyA in E. coli, 
using the methyl donor from N
5
, N
10
-methylene tetrahydrofolate (THF) to convert dUMP 
to dTMP.  The resulting dihydrofolate (H2folate) is converted back to THF via the 
enzyme dihydrofolate reductase (DHFR), while THF is then converted back to N
5
,N
10
-
THF by the action of serine hydroxymethyl transferase.  Both TS and DHFR are required 
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enzymes for thymidylate (dTMP) synthesis and the inhibition of either will result in 
dTMP starvation.  dTMP is subsequently phosphorylated by dTMP kinase and dTDP 
kinase to the dTDP (diphosphate) form and dTTP (triphosphate) form.  The de novo 
biosynthetic pathway for dTTP is the longest and the most energy-consuming of the 4 
DNA precursor biosynthesis pathways.  Due to the additional steps in the biosynthetic 
pathway compared to the other DNA precursors, dTTP is the only dNTP that can be 
starved for specifically.   Thymine starvation is lack of dTTP in the presence of the other 
dNTPs. 
 
In thyA mutants of E. coli, exogenous thymine can be used via the nucleotide salvage 
pathway to produce dTMP, dTDP or dTTP (Figure 1.2.).  Thymine, if added to 
deoxyribose-1-phosphates (dRib-1-P) by thymidine phosphorylase (DeoA), becomes 
thymidine (TdR), subsequently phosphorylated to dTMP by thymidine kinase (Tdk).     
Tdk can use either TdR or deoxyuridine (UdR) as substrate, but it can also degrade 
dUMP and dTMP into UdR and TdR respectively, so DeoA can recycle the dRib-1-P 
pools (Ahmad and Pritchard 1969; Munch-Petersen 1970; Neuhard and Kelln 1996).  
Wild-type E. coli cannot utilize thymine because they lack dRib-1-P and TdR will be 
degraded by DeoA (Budman and Pardee 1967; Munch-Petersen 1970).  In thyA mutants, 
dUMP accumulates due to the absence of the TS reaction and will be degraded by Tdk 
into UdR and dRib-1-P, providing the cells with the dRib-1-P required for salvage dTTP 
synthesis (Beacham and Pritchard 1971).  Inactivation of the genes involved in the 
deoCABD operon encoding the other enzymes that catalyze catabolism of dRib-1-P can 
help to ensure high levels of dRib-1-P, so that exogenous TdR is all channeled into dTTP 
synthesis. 
 
The levels of other nucleotides are also affected during thymine starvation (Biswas, 
Hardy et al. 1965; Neuhard 1966; Neuhard and Thomassen 1971; Ohkawa 1975; Fuchs 
1977).  In E. coli, dATP, dCTP, dCMP and dUMP pools increase while dGTP levels 
remain stable (Neuhard 1966; Neuhard and Thomassen 1971).  dATP pools increase 
immediately upon thymine starvation but then reach a constant level, while dCTP pools 
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increase steeply and continuously after an initial lag.  dTTP levels drop to 10% of the 
initial concentration within the first 30 minutes, but residual levels remain detectable 
even later on (Ohkawa 1975).  In mouse FM3A cells, the levels of dTTP and dGTP are 
strongly reduced, while the dATP pool is increased (Yoshioka, Tanaka et al. 1987). 
Partial thymine starvation of Salmonella enterica typhi results in a significant increase in 
the dUMP and dCTP pools (Neuhard and Thomassen 1971).  The change of each 
nucleotide pool depends on the interplay between their catabolism and anabolism.  For 
example, ribonucleotide reductase (Nrd) activity increases significantly due to the de-
repression of the nrd genes in response to drop in the dTTP and dTDP pools (Biswas, 
Hardy et al. 1965; Fuchs 1977; Tuggle and Fuchs 1986), while the accumulated dUMP is 
mostly catabolized into dRib-1-P and uracil by DeoA (Beacham and Pritchard 1971; 
Neuhard and Thomassen 1971).  In summary, the overall effect of dTTP starvation on the 
other dNTPs observed can be very sensitive to strain and growth condition changes 
between studies. 
 
1.1.2. Death from thymine starvation. 
 
Thyminless death (TLD) is the phenomenon in which cells rapidly lose viability during 
thymine starvation (meaning, ultimately, lack of dTTP).  Cells accumulate irreversible 
damage during the period of thymine starvation in that they cannot form viable progeny 
even after thymine is later supplemented, and starvation ends.  TLD was first discovered 
in the laboratory of Seymour Cohen in 1953 during a study to find the origin of 5-
hydroxymethylcytosine, an unusual pyrimidine in T-even bacteriophages DNAs, that 
required the use of a thymine requiring strain of E. coli (Wyatt and Cohen 1953; Cohen 
1971) and was initially described in 1954 as killing due to unbalanced growth – a specific 
inhibition in DNA synthesis under conditions in which synthesis of RNA and protein and 
general cell growth continued (Cohen and Barner 1954). This is an example that 
monitoring metabolism and growth, as evidenced by the increasing turbidity of thymine 
starved cells, is a misleading indication of cells being ―alive‖.  TLD has been 
demonstrated in many organisms, ranging from bacteriophage T4 (Bernstein, Bernstein et 
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al. 1972) to human cells (Rueckert and Mueller 1960).  In both bacteria and eukaryotes, 
there is usually a resistance period (also known as lag period) immediately after thymine 
removal, during which there is no decline in the viable count (about 40 min to 1 h in E. 
coli), before the rapid exponential death phase ensues, during which titer can drop more 
than three orders of magnitude within a couple of hours in E. coli (Cohen and Barner 
1954; Cohen and Barner 1956; Ahmad 1980; Kuong and Kuzminov 2009; Kuong and 
Kuzminov 2010) [also see review in (Ahmad, Kirk et al. 1998)]. 
 
Inhibition of cell division, SOS induction, perturbations to other cellular dNTP pools, 
increased mutagenesis, induction of prophages, loss of transforming ability, elimination 
of plasmids, stable DNA replication, DNA damage and recombination events have all 
been observed in bacteria during TLD, and numerous studies have tried to correlate TLD 
with various cellular events, but a satisfactory hypothesis for the mechanism of TLD is 
still lacking (reviewed in (Ahmad, Kirk et al. 1998)).  Approaches to stop dTTP synthesis 
and induce TLD include: 1) starving auxotrophs for thymine such as in ∆thyA mutants of 
E. coli; 2) starving mutants auxotrophic for reduced folate / folate precursors such as in 
fol1 or fol2 mutants of Saccharomyces cerevisiae (Little and Haynes 1979), 3) treating 
cells with inhibitors of thymidylate synthetase, such as fluorodeoxyuridine (FUdR); 4) 
starving cells for the reduced folate supply by drugs, such as methotrexate, trimethoprim 
(DHFR inhibitors) or sulfa drugs (analogues of p-aminobenzoic acid) that inhibit de novo 
folate synthesis. 
 
 
1.2. Clinical significance of TLD 
 
The mechanism of TLD is closely tied to the mode of action of many anticancer, 
antibacterial and antiviral drugs.  TS inhibitors, such as fluorodeoxyuridine (FUdR), and 
DHFR inhibitors, such as methotrexate and aminopterin, have been used for decades as 
anticancer, antibacterial and antiviral agents.  Sulfa drugs that inhibit de novo folate 
synthesis also induce thymine starvation.  Due to the excellent chemotherapeutic efficacy 
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of folic acid antagonists and Ts inhibitors, they and their derivatives remain the most 
popular anti-cancer drugs for certain cancer types, for example for gastrointestinal 
cancers, to this date (Ladner 2001; Bertino 2009).  Drug resistance has been observed 
nevertheless (Mader, Muller et al. 1998; Bertino 2009), and understanding the molecular 
mechanisms of their toxicity will be useful in combating drug resistance and predicting 
anti-drug responses.  Outside the context of chemical inhibition, folate deficiency is the 
most common vitamin deficiency in the USA, affecting 10% of the general adult 
population, up to 60% of juveniles or the elderly in certain social groups (Senti and Pilch 
1985).  Folic acid acts as cofactor in numerous biochemical reactions, including dTMP 
synthesis, through its ability to donate or accept one-carbon units.  Mammals are unable 
to synthesize folic acid de novo and so must obtain it from food or from microbial 
breakdown in the gut.   Severe folate deficiency causes megaloblastic anaemia in humans, 
while inadequate folate intake during pregnancy is related to neural tube defects in the 
newborns, development of certain cancer and heart diseases (Duthie 1999).  It is 
proposed that some of the consequences of folate deficiency, such as DNA instability in 
human cells, are due to thymidylate limitation/starvation (Duthie 1999).  Lastly, there is 
an understanding now that mitochondrial dysfunction is a hallmark of cancer cells, as 
mutations in the mitochondrial genome have been reported in every cancer type 
examined to date (Modica-Napolitano and Singh 2004; Singh, Kulawiec et al. 2005).  It 
was reported that cellular dNTP pools are lowered in mitochondrial-dysfunctional human 
cells and the dTTP pool is the most severely diminished of the 4 dNTPs (Desler, Munch-
Petersen et al. 2007), which may be the cause of the chromosomal translocations and 
rearrangements observed in these cells (see section 1.10. below for how thymine 
starvation affects mtDNA).   
 
 
1.3. Evolutionary significance of thymidylate synthesis and the discovery of ThyX 
 
Deoxyribonucleic acid (DNA) differs from ribonucleic acid (RNA) not only in the sugar 
deoxyribose (lacking the 2'-OH ribose), but also that it has thymine instead of uracil.  
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DNA is viewed as the more stable form of the two nucleic acids and is the carrier of 
genetic material in all free-living life forms on Earth today.  It is conceivable that the 
genetic information carrier in the primitive life forms was RNA, but due to the significant 
instability of the RNA backbone, life switched to the DNA backbone. However, why 
uracil had to be replaced with thymine in "modern" DNA still remains a mystery. 
 
Because of this uracil-to-thymine switch, the ability to synthesize dTTP by thymidylate 
synthase (TS) is one of the essential requirements for life to make this hypothetical 
transition from RNA genome to DNA genome.  It was thought that the ThyA form of TS 
is universal across all forms of DNA-based life until the realization after a large-scale 
comparative genome analysis in 2000 that many organisms lacked ThyA (Galperin and 
Koonin 2000).   However, sequences with no homology to ThyA that complemented a 
thymidine auxotroph of Dictyostelium discoideum during a genomic library 
complementation screen in 1989 were identified in many of these ThyA lacking 
organisms (Dynes and Firtel 1989).  In 2002 it was demonstrated that the flavoprotein 
ThyX is the TS of many organisms that have neither ThyA (for de novo thymidylate 
synthesis), nor Tdk (thymidine kinase, for thymidine-scavenging) homologs. ThyX from 
Helicobacter pylori was shown to synthesize dTMP in vitro and complement growth of a 
ΔthyA E. coli (Myllykallio, Lipowski et al. 2002).  Besides the lack of sequence 
homology, the crystal structure of ThyX obtained from Thermotoga maritima shows that 
ThyX shares no structural homology with ThyA, pointing to distinct evolutionary origins 
of the two proteins (Kuhn, Lesley et al. 2002; Mathews, Deacon et al. 2003).  In fact, the 
cofactors required, the active sites and the reactions they catalyze all differ between 
ThyA and ThyX (Leduc, Graziani et al. 2004; Hunter, Gujjar et al. 2008; Costi and 
Ferrari 2009; Koehn and Kohen 2010). ThyA enzymes are homodimers with a single 
active site per subunit (Carreras and Santi 1995), while ThyX enzymes are 
homotetramers with four active sites that are located at the interfaces between 
neighboring subunits (Leduc, Graziani et al. 2004).  For organisms that use ThyA, 
dihydrofolate reductase (DHFR) is required to reduce dihydrofolate (H2 folate) back to 
the tetrahydrofolate (CH2H4 folate) that is used as the cofactor (methyl donor) to generate 
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dTMP, while in organisms that only use ThyX, DHFR is not found.  Instead, ThyX 
generates dTMP and H4 folate directly from dUMP and CH2H4 folate by using flavin 
adenosine dinucleotide (FAD) as coenzyme that cycles between reduced and oxidized 
forms (FAD  FADH2) using reduced nicotinamide adenine dinucleotide phosphate 
(NADPH), eliminating the need for DHFR (Koehn and Kohen 2010). In conclusion, it is 
likely that ThyA and ThyX enzymes evolved independently. 
 
Giardia lamblia is the only organism known to date that has neither ThyA nor ThyX for 
de novo dTMP synthesis and that relies on obtaining dTMP from the environment via the 
thymidine salvage pathway (Jarroll, Manning et al. 1989).  ThyX is found in all 3 
domains of life as well as in bacterial and eukaryotic DNA viruses and is believed to be 
present in ~ 30% of all microbial genomes (Leduc, Graziani et al. 2004; Stern, Mayrose 
et al. 2010).  ThyX is the sole TS of many prominent human pathogens, such as 
Helicobacter pylori (ulcer formation), Campylobacter jejuni (food poisoning), Rickettsia 
prowazekii (typhus), Borrelia burgdorferi (Lyme disease), Treponema pallidum 
(syphilis), and Chlamydia (Myllykallio, Lipowski et al. 2002).  Currently, about 20 
bacterial species are known to have both thyA and thyX genes, again including potent 
pathogens, such as Bacillus anthracis, Corynebacterium diphtheriae and Mycobacterium 
tuberculosis. Four bacterial species are known to encode two thyA genes in the same 
genome (Stern, Mayrose et al. 2010), such as Bacillus subtilis, in which case the 2 genes 
share 30% identity in amino acid sequences (Tam and Borriss 1998).  The source of the 
second ThyA in B. subtilis was suggested to be from the Bacillus phage Φ-3T (Tam and 
Borriss 1998; Filee, Forterre et al. 2003; Stern, Mayrose et al. 2010).  Lateral gene 
transfer may have been driven by viruses and mediates the current patchy distribution of 
the two TSs across life forms, as substantiated by many thyX sequences in bacteria being 
annotated as prophage sequences (Cole, Eiglmeier et al. 2001; Stern, Mayrose et al. 
2010). Though having both thyA and thyX or two thyA genes in the same genome may 
give a certain selective advantage for the organisms, such as increased virulence or 
resistance to inhibitors of one of the two thymidylate synthesis routes, it is also proposed 
that the primary driving force is selective advantage to the viruses.  On the other hand, a 
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recent study in Corynebacterium glutamicum that has both ThyA and ThyX shows that 
although thyX is not essential in C. glutamicum, thyX mutants lose viability significantly 
during stationary phase.  This suggests differential expression of the two TS enzymes 
during various growth phases — ThyA is used preferentially during the exponential 
growth phase, while ThyX is used preferentially during the stationary growth phase (Park, 
Cho et al. 2010).  thyX is also shown in the same study to be sufficient to confer 
resistance to a DHFR inhibitor. The potential growth advantage to the organism of 
carrying two structurally distinct (ThyA and ThyX) or similar (2 ThyA) TS genes could 
be that organisms can synthesize thymidylate under more diverse environments — ThyX 
is sensitive to oxygen as a flavoprotein and can only contribute to microaerophilic growth. 
At the same time, ThyX can confer resistance to high concentrations of trimethoprim 
(DHFR inhibitor) in an organism that harbors it (Giladi, Bitan-Banin et al. 2002), and 
organisms that carry two ThyA form of TS all dwell in environments of considerable 
temperature changes (Stern, Mayrose et al. 2010).   
 
More studies that examine the physiological regulation and performance of ThyX will be 
useful for our understanding of the requirements of thymidylate and its regulation during 
different growth phases, especially in organisms that have two TS in which some form 
of regulation between the two may be found. Because of the late discovery of ThyX, 
TLD is not yet characterized in ThyX-only organisms.  With TS being such a 
fundamental enzyme in life, along with ThyA and ThyX being so distinct, this gives us 
an opportunity to understand what factors are driving the development of DNA as the 
genetic carrier if we can understand why certain organisms carry ThyX, ThyA or both.  
New insights into evolutionary phylogenetics of organisms may be generated too.  
Perhaps then we may be able to hypothesize about what makes life addicted to thymine, 
which may be directly linked to the basis of TLD.  It is also important to note that, with 
the exception of G. lamblia that scavenges for thymine, no life forms (unless RNA 
viruses are counted) have lost the ability to synthesize dTTP.  Starvation for dTTP is the 
more potent acute killing of current life forms compared to starvation for other essential 
building blocks, such as RNA precursors. In addition, with complex and highly energy 
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consuming pathways to synthesize dTTP which arose at least twice in evolutionary 
history, there must very strong reasons not to use dUTP for replication, which is, 
nevertheless, the precursor for dTTP synthesis and is readily available in the cell.   
 
 
1.4. The requirements of thymineless death 
 
To understand how and why cells are killed during thymine starvation, it is important to 
know under which conditions death occurs.  It turns out that thymine starvation does not 
kill in all situations, and there are certain cellular processes that are called ―requirements‖ 
for TLD, because in their absence thymine starvation does not kill.   In other words, the 
source of the irreversible toxicity during thymine starvation that does not allow cells to 
recover after the starvation ends may be coming from those cellular processes required 
for TLD. 
 
1.4.1. Carbon and energy source. 
 
It was shown early on that active metabolism is necessary for the killing during thymine 
starvation (Barner and Cohen 1954; Cohen and Barner 1954; Freifelder and Maaloe 
1964).  When log phase cells growing in glucose media are transferred to thymineless 
glucose-free media, no killing is observed (Cohen and Barner 1954).  After thymine 
starvation is initiated, metabolism has to be continuously active for the killing to occur 
and, once respiration stops (by oxygen removal), the killing stops immediately at any 
stage (lag or exponential). Furthermore, when oxygen/respiration comes back, killing 
resumes at the point where it paused during the halt in metabolism (Freifelder and 
Maaloe 1964).  Changing the carbon source in the media from "fast" to "slow" or vice 
versa has only minor effects on the kinetics of TLD (Freifelder and Maaloe 1964), 
showing it is the continuous supply of energy that matters, rather than the rate of energy 
consumption.  Whenever respiration is blocked, cells are not killed by thymine starvation.   
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TLD is not observed in stationary phase cultures (Maaloe and Hanawalt 1961; Hanawalt 
1963; Cummings and Kusy 1970; Nakayama and Couch 1973) (my unpublished data) or 
in cultures treated with cyanide (Nakayama and Hanawalt 1975; Kuong and Kuzminov 
2009), nitric oxide (Kuong and Kuzminov 2009), or in the absence of glucose (Barner 
and Cohen 1954; Cohen and Barner 1954; Nakayama and Hanawalt 1975).  A 
cytochrome oxidase deficient cydA mutation is also reported to protect against TLD, but 
only in a rich medium (Strauss, Kelly et al. 2005).  Thus, the mechanism of killing during 
TLD requires energy (ATP production).  Absence of nitrogen source (Cohen and Barner 
1954) or lack of inorganic phosphate (Gallant and Suskind 1962; Nakayama and 
Hanawalt 1975) also saves cells from TLD.   
 
1.4.2. RNA synthesis. 
 
RNA synthesis is required for TLD.  Uracil starvation inhibits RNA synthesis completely 
while having no effect on protein synthesis, and relieves TLD (though not as completely 
as inhibition of respiration) in E. coli (Barner and Cohen 1958; Deutch and Pauling 1974) 
and in Bacillus megaterium (Wachsman, Kemp et al. 1964).  Rifampicin binds to the 
RNA polymerase-DNA complex, sterically blocking the extension of the nascent RNA 
chain after the first or second condensation step, and inhibits transcription (Campbell, 
Korzheva et al. 2001; Floss and Yu 2005).  Cells treated with rifampin (30 µg/ml or 200 
µg/ml) do not undergo TLD (Nakayama and Hanawalt 1975; Pauling, Beck et al. 1976; 
Martin and Guzman 2011).   Since the RNA synthesized during TLD has the same base 
composition as the RNA synthesized in the presence of thymine, it was proposed that it is 
the unwinding of DNA during transcription that kills, rather than the production of a 
toxic form of RNA (Gallant and Suskind 1962; Sicard, Simonnet et al. 1967).With 
transcription and DNA replication sharing the same road (template DNA), and the recent 
understanding of how collision of the two processes are handled in the cell and the 
detrimental consequences, such as replication fork stalling and chromosomal breakage, 
that can result from the collision in bacteria (Mirkin and Mirkin 2007; Wang, Berkmen et 
al. 2007; Boubakri, de Septenville et al. 2010; Pomerantz and O'Donnell; Pomerantz and 
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O'Donnell; Merrikh, Machon et al. 2011),  the suggestion that transcription is a required 
process in TLD due to its adverse effects on DNA replication should be seriously 
considered. 
 
1.4.3. Protein synthesis. 
 
The requirement for RNA synthesis during TLD could be due to the subsequent 
inhibition of translation, hence attempts to separate and unlink these two processes were 
made in the studies of TLD.  During thymine starvation, protein synthesis eventually falls 
after 2 hours while RNA synthesis continues (Medoff 1972).  Various antibiotics were 
used to examine the role of protein synthesis in TLD.  Chloramphenicol binds to the 50S 
subunit of the bacterial ribosome, thus blocking the tRNA-accepting site of the 
mRNA:ribosome complex and effectively stopping transpeptidation.  Puromycin is an 
aminoacyl-tRNA analog, inhibiting peptidyl transfer by ribosomes and causing premature 
release of unfinished protein chains (Azzam and Algranati 1973).  5-Methyltryptophan, a 
structural analogue of L-tryptophan, acts as a false feedback inhibitor of anthranilate 
synthetase (Moyed 1960) and also inhibits protein synthesis in E. coli (Turnock and Wild 
1966). In cultures treated with higher concentrations of chloramphenicol (15 µg/ml and 
25 µg/ml) (Cummings and Kusy 1969; Bouvier and Sicard 1975; Nakayama and 
Hanawalt 1975) or puromycin (2000 µg/ml) (Nakayama and Hanawalt 1975) or 5-
methyltryptophan (200 µg/ml) (Gallant and Suskind 1962; Nakayama and Hanawalt 1975) 
TLD is relieved, but lower concentrations of chloramphenicol (1 - 10 µg/ml) have little or 
no effect on TLD (Gallant and Suskind 1962; Hanawalt 1963; Pauling, Beck et al. 1976). 
In Deinococcus radiodurans, chloramphenicol only mildly relieved TLD while 
rifampicin brought a stronger relief (Rauko, Budayova et al. 1976).   The requirements 
for protein synthesis in TLD are thus not settled, as Gallant et al proposed that higher 
concentrations of chloramphenicol also block RNA synthesis, while at lower 
concentrations only protein synthesis is inhibited (Gallant and Suskind 1962).  Others 
also attribute the effect of chloramphenicol to inhibition of RNA synthesis (Hanawalt 
1963).  In addition, when protein synthesis is inhibited by chloramphenicol, but RNA 
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synthesis is stimulated in the same cells by 5-methyltryptophan, TLD is still observed 
(Gallant and Suskind 1962).  Sulfur-starved Mycobacterium bovis, in which protein 
synthesis and DNA synthesis are inhibited but RNA synthesis continues, also undergo 
rapid irreversible lethality like TLD (Spitznagel 1961).   Since even the effect on cellular 
processes of theses antibiotics is multi-faceted, whether prevention of TLD requires 
inhibition of both transcription and translation or just transcription remains debatable 
until more careful studies are done. A possible solution would be to measure TLD in cells 
treated with various antibiotics (at different concentrations) that inhibit translation to the 
same extent but that vary in their inhibition of transcription.  Since inhibition of 
transcription and translation will influence both replication initiation and the SOS 
response, a more careful study to look at the effect of the antibiotic used in replication-
related processes is also needed.  
 
Remarkably, when thymine and chloramphenicol were added together to the liquid 
culture starved for thymine when survival was about 1%, very fast kinetics of recovery of 
titer was observed, as if cells all recover immediately, compared to when only thymine 
was added (Cummings and Kusy 1969).  Moreover, when only chloramphenicol is added 
to the culture, in the absence of thymine, a mild recovery kinetics is also observed 
(Cummings and Kusy 1969), suggesting that protein synthesis kills during the recovery 
when cells recover on plates with thymine.  This suggests that there could be two 
different phases of killing: one during thymine starvation, and the other during the 
recovery, when additional damage occurs in the presence of thymine.  Protein synthesis 
seems to contribute to the killing during recovery after thymine starvation ends. 
 
Phenethyl alchohol (PEA) blocks mRNA synthesis specifically at low concentrations 
(0.05% or lower) and blocks synthesis of all other biopolymer at higher concentrations 
(0.2% or above) (Rosenkranz, Carr et al. 1965).  At concentrations that blocks only 
mRNA synthesis cells are saved from TLD (Hanawalt 1963; Rosenkranz, Carr et al. 
1965).  However, this only works when PEA is added during the killing phase and not 
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during the resistance phase. This suggests the involvement of the synthesis of the ―toxic‖ 
protein during TLD. 
 
Amino acid starvation relieves TLD to a certain extent (Barner and Cohen 1957).  In fact, 
thymine starvation could be used to enrich for amino acid auxotroph mutants in B. 
megaterium (Wachsman and Hogg 1964).  Methionine deprivation was shown to prevent 
TLD in yeast (Barclay and Little 1977).  It is thought that cells can resist TLD during 
amino acid starvation because they cannot initiate new rounds of DNA replication 
(Maaloe and Hanawalt 1961).  Similar to the effect of chloramphenicol addition 
mentioned earlier, during a recovery protocol when thymine is added to the liquid culture 
when survival is only 1%, cell titer actually recovers faster if starved for an amino acid 
(Cummings and Kusy 1969).  On the other hand, cells undergo a faster TLD kinetics 
when a medium containing casamino acids is used for growth (in contrast to 
unsupplemented media), particularly with recA mutants (Ahmad 1980).  One study shows 
that sulphonamide-induced TLD kinetics are faster when LB is used instead of M9 
medium (Then and Angehrn 1973).  Recently, there was a report that shows that glycine 
and methionine deprivation during trimethoprim treatment (which inhibits DHFR) 
induces the stringent response in cells and hence can protect cells from dying due to 
thymine starvation for up to 15 hours (Kwon, Higgins et al. 2010).  Inosine deprivation is 
also shown to induce the stringent response and to protect against TLD in the same study.   
Instead of a ―requirement‖ for TLD, amino acid starvation may be protecting cells from 
TLD because the stringent response is induced, and other processes which may be the 
real requirements for TLD become affected and relieve the killing.  Note that inhibition 
of RNA synthesis also occurs during stringent response. 
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1.5. DNA replication and thymineless death 
 
1.5.1. Replication initiation. 
 
The role of DNA replication in TLD has long been a subject of interest in the field 
because DNA replication is the only cellular process that requires thymine.  Replication 
initiation before thymine starvation is a source of ―pre-existing" replication forks, while 
after thymine is removed, initiation gives rise to "new" replication forks.  The initiation 
of DNA replication is a highly-controlled process. Initiation of chromosome replication at  
oriC of E. coli begins with the monomers of the DnaA origin-recognition protein binding 
at several DnaA boxes and forming a cluster at the origin (Crooke, Thresher et al. 1993), 
leading to the origin DNA melting and the formation of a ssDNA bubble.  DnaA then 
directs DnaB helicase loading at the ssDNA bubble, followed by assembly of the 
replisome, giving rise to the two replication forks, after which bi-directional elongation 
begins (Leonard and Grimwade 2010).  The DnaA protein also needs to be activated for 
origin DNA opening by binding to ATP (Sekimizu, Bramhill et al. 1987).  It is possible 
that relief of TLD by inhibiting respiration, protein synthesis or transcription may be due 
to the fact that these processes are all required for replication initiation, and initiation is 
required for TLD.  It was also shown that replication initiation continues during thymine 
starvation in E. coli (Pritchard and Lark 1964).  There are studies reporting that 
preventing DnaA initiation of replication by using dnaA46(Ts) mutants (Bouvier and 
Sicard 1975) and dnaA167(Ts) mutants (Nakayama, Kusano et al. 1994) relieves TLD at 
the non-permissive temperatures. A similar conclusion was reached in studies using 
Bacillus subtilus dnaB(Ts) initiation mutants (Sargent 1975). The dnaCD mutants, also 
affected in initiation, also relieved TLD, though to a lesser degree (Bouvier and Sicard 
1975).  At the same time, there are also studies reporting that TLD is relieved only when 
initiation was already inhibited before the onset of thymine starvation, by pre-incubation 
at the non-permissive temperature before removal of thymine from the media (Nakayama, 
Kusano et al. 1994) [my unpublished work], which may explain why these studies found 
no relief of TLD if the dnaA(Ts) or dnaC(Ts) mutants are shifted to the non-permissive 
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temperature at the time of thymine removal (Nakayama, Nakayama et al. 1982) (my 
unpublished data].  What is lacking in these studies, however, is the physical evidence 
that replication initiation is inhibited completely in these dnaA or dnaC mutants at the 
non-permissive temperatures — hence further investigation is needed before we can 
conclude that replication initiation is required for TLD. 
 
1.5.2. Extent of DNA replication inhibition during thymine starvation. 
 
Thymine starvation affects DNA synthesis specifically.  Although DNA synthesis is the 
most inhibited cellular process during TLD, there is still a detectable increase of DNA 
content in E. coli (15 to 20 per cent of the pre-starvation DNA level) (Barner and Cohen 
1954; Barner and Cohen 1958; Kuong and Kuzminov 2009).  Similarly, in Bacillus 
megaterium, the extent of DNA synthesis during T-starvation is around 25% of the 
original amount (Wachsman, Kemp et al. 1964).   This lead to interesting debates 
concerning whether this residual ongoing DNA synthesis in the cell, with unbalanced 
dNTP pools, causes the damage that leads to TLD.  In conditions where there is no 
residual DNA synthesis, such as when respiration is inhibited, cells are not killed during 
thymine starvation, consistent with the idea that some DNA synthesis is required for the 
killing (described in section 1.4.1.). One possible reason for the requirement of the low 
level of DNA synthesis is that damage that leads to killing comes from aberrant progress 
of replication forks. 
  
 On the other hand, DNA synthesis with an unnatural pyrimidine does not lead to 
immediate cell death.  5-Bromouracil is an effective thymine analogue (Elion and 
Hitchings 1950; Hitchings, Elion et al. 1950) and can replace thymine during DNA 
synthesis (Dunn, Smith et al. 1954; Zamenhof and Gribiff 1954).  In thy
- 
mutants, the 
presence of 5-bromouracil can sustain significant DNA synthesis and the viable count of 
the culture was observed to double very slowly, then falls off at a much slower rate 
compared to the culture without 5-bromouracil (Cohen and Barner 1956).  The milder 
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killing observed in this case may be explained by the mild inhibition of DNA synthesis 
(also see 1.5.3.). 
 
1.5.3. The comparison between dNTP starvation versus thymine starvation. 
 
It was observed early on that only cells that actively replicate their DNA undergo TLD 
(Maaloe and Hanawalt 1961) consistent with the fact that TLD is not observed in 
stationary phase cultures, as mentioned earlier (Maaloe and Hanawalt 1961; Hanawalt 
1963; Cummings and Kusy 1970; Nakayama and Couch 1973), but due to various 
reasons the role of DNA synthesis in TLD remains unclear.  One paradox is the 
observation that, when production of all four dNTPs is inhibited with hydroxyurea (HU), 
this has a static, rather than killing, effect, unlike thymine starvation. HU blocks 
deoxyribonucleotide production by inactivating the iron-containing component of the B-
subunit of the enzyme ribonucleotide reductase (NrdAB) (Brown, Eliasson et al. 1969; 
Moore 1969).  By inhibiting production of all four DNA precursors, HU also specifically 
inhibits DNA synthesis.  No lethality in bacteria is observed during the first several hours 
of HU treatment (Rosenkranz and Carr 1966; Rosenkranz, Garro et al. 1966; Sinha and 
Snustad 1972; Guarino, Salguero et al. 2007) and this is used as an argument that 
inhibition of DNA synthesis alone does not cause cell death in bacteria.  It has been 
shown that cells treated with certain concentrations of HU during thymine starvation are 
protected from TLD (Rosenkranz, Carr et al. 1965; Rosenkranz and Carr 1966; 
Morganroth and Hanawalt 2006), therefore arguing for the requirement of DNA 
replication in TLD.  However, there is disagreement about the mechanism of this 
protection, and even about the validity of this protection itself.  In Rosenkranz‘s study, 
100 mM HU gave a complete protection against TLD, while in Morganroth‘s study, 100 
mM HU offered no protection, and only 200 mM HU protected against TLD.  Since in 
Morganroth‘s study, 100 mM HU cannot relieve TLD, while 200 mM HU did, the 
authors proposed that it is the partial inhibition of RNA synthesis by higher 
concentrations of HU, rather than inhibition of DNA synthesis, which is responsible for 
the observed protection.  These discrepancies can be explained if the level of DNA 
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synthesis inhibition by HU is not sufficient to match the inhibition by thymine starvation 
(Kuong and Kuzminov 2009).  Unless the HU used can inhibit DNA synthesis more so 
than thymine starvation, one cannot see the relief brought by HU.  In other words, killing 
will still occur unless the residual replication in thymine-starved cells is completely 
blocked. 
 
In support of this argument, during a recent study to uncover the in vivo role of the 
ribonucleotide reductase NrdEF, ∆nrdAB ∆nrdEF double mutants showed a TLD-like 
loss of viability during aerobic growth even when cells were recovered in anaerobic 
medium so that they could produce all four dNTPs using anaerobic ribonucleotide 
reductase NrdDG  (Martin and Imlay 2011).  ∆nrdAB mutants, lacking the major aerobic 
ribonucleotide reductase, but still having the NrdEF one, showed the usual bacteriostatic 
effect in that study.  This shows that during aerobic growth, NrdAB is not the only 
functional nucleotide reductase that can produce dNTPs, and that the very little DNA 
synthesis possible in a ∆nrdAB mutant from the dNTPs provided by NrdEF allowed it to 
survive through a temporary dNTP starvation, while the ∆nrdAB ∆nrdEF double mutant, 
that cannot carry on such a minimal DNA synthesis, does not survive.  Although HU can 
inhibit both NrdAB and NrdEF enzymes (Martin and Guzman 2011), there was always 
residual DNA synthesis detectable in HU-treated cells (Rosenkranz, Jacobs et al. 1968; 
Sinha and Snustad 1972; Hill and Fangman 1973; Kuong and Kuzminov 2009), as the 
inhibition of ribonucleotide reductase activity is at best only 80% in vivo (Elford 1968; 
Krakoff, Brown et al. 1968; Sinha and Snustad 1972).  The rate of DNA synthesis during 
thymine starvation is lower than that during the HU treatment, so the rate of DNA 
synthesis in HU-treated thymine starved cells is the same as in cells starved of thymine 
only (Kuong and Kuzminov 2009).  Therefore it is possible that inhibition of DNA 
synthesis is less severe during HU treatment or in ∆nrdAB mutants, compared to thymine 
starvation or ∆nrdAB ∆nrdEF doubles mutants.  Hence the former conditions are 
bacteriostatic, while latter conditions are bactericidal. 
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1.5.4. Replication-defective mutants during thymineless death. 
 
DnaE encodes the alpha subunit of the E. coli replicative DNA polymerase III that 
catalyses the DNA polymerization itself, DnaB encodes  the replicative DNA helicase, 
which unwinds DNA at the replication forks in preparation for DNA polymerization, 
while DnaG encodes  the DNA primase that synthesizes RNA primers on single-stranded 
template DNA for the subsequent Pol III-catalyzed  DNA synthesis.  Temperature-
sensitive mutants in dnaB, dnaE and dnaG are known as ―fast stop‖ dna mutants, because 
they stop DNA elongation immediately once shifted to the non-permissive temperatures. 
An example to support the argument that TLD is a direct consequence of replication 
inhibition comes from the killing observed in mutants with impaired replication.  In E. 
coli, DNA Pol III polymerase catalytic subunit mutants dnaE(Ts) (dnaE74 and dnaE486) 
undergo rapid loss of viability during incubation at the nonpermissive temperature 
(Bouvier and Sicard 1975; Strauss, Kelly et al. 2004; Davies, Kohanski et al. 2009); the 
same is true for the replicative helicase dnaB(Ts) mutants (dnaB70 and dnaB466) and the 
primase dnaG(Ts) mutants (Bouvier and Sicard 1975).   For example, the survival in 
dnaE74 is only 0.6% of the original titer after 4 hours at 40 °C (Strauss, Kelly et al. 2004).  
Similar to TLD, this killing is relieved by chloramphenicol (20 µg/ml) or rifampin (50 
µg/ml) treatments, by starvation for amino acids or glucose, by inhibition of respiration 
— basically, cells are only killed if they are actively replicating during the switch to the 
non-permissive temperature.  On the other hand, initiation defects (dnaA, dnaC or dnaD 
(an allele of dnaC)) have a mostly bacteriostatic effect at the non-permissive temperature 
(Bouvier and Sicard 1975).  It was suggested that the killing mechanisms in the 
elongation-defective mutants are like those in TLD (Strauss, Kelly et al. 2004; Strauss, 
Kelly et al. 2005).  Physical and genetic analysis of the killing mechanism in these 
replication mutants and TLD indeed share similarities — for instance, in that both killing 
conditions are partially mediated by recombinational repair activities (see section 1.7.). 
 
If DNA replication is a requirement for the killing during thymine starvation, stopping 
DNA replication elongation should stop TLD.  The effect on TLD of the fast-stop dna 
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mutants differs from study to study: dnaE486, dnaG and dnaB266 mutations were 
reported to show no effect on TLD, or in some cases were even shown to accelerate the 
killing (Bouvier and Sicard 1975), while the dnaB70 mutation offered protection against 
TLD (Bouvier and Sicard 1975).  Both the dnaB266 and dnaB70, as well as dnaB258, 
were confirmed to offer protection against TLD in a later study by the same authors using 
isogenic strains, but in the dnaB dnaG double mutants there were no protection against 
TLD (Sicard and Bouvier 1977).  Therefore the protection offered by the dnaB mutation 
no longer holds when there is a dnaG mutation.  It was proposed that the DnaB helicase 
does not directly participate in the killing; rather, dnaB mutants at the non-permissive 
temperature may be in a state that is no longer subject to the toxic effect of thymine 
starvation, implying that DNA elongation is required for TLD.  However, there is also a 
report that failed to confirm the relieving effect of the dnaB mutants (Nakayama, 
Nakayama et al. 1982).  Hence, the requirement for ongoing (rather than newly-initiated) 
replication forks during TLD is yet to be confirmed. An additional complication to 
interpretation of these data is that the elongation defect will also interfere with the new 
initiations.  Therefore dNTP starvation is a better overall comparison to thymine 
starvation, which in both cases should not affect the ability for new replication forks to be 
established right after the initiation process while the replisome mutants may.  
 
1.5.5. Mutants in DNA ligase and polymerase I. 
 
There are two important players in both replication and TLD in E. coli: the DNA 
polymerase I (PolA) and the NAD
+
 dependent DNA ligase (LigA).  The role of PolA and 
LigA in joining Okazaki fragments during lagging strand synthesis is well known, 
although they are also suspected or shown to participate in other important cellular 
pathways, for example during DNA repair (Zimmerman, Little et al. 1967; Conley and 
Saunders 1984; Friedberg, Walker et al. 2006).  How Pol I and LigA contribute to 
survival during TLD in E. coli is still unclear, but it is worth mentioning because, in 
contrast to the conflicting reports on the effect of the dnaE and dnaB mutants (and other 
mutants which will be mentioned later in this chapter) on TLD, studies on the effect of 
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PolA and LigA on TLD are more coherent, in that both mutants are always found to be 
hypersensitive to TLD.  There are also many studies on characterization of the effects of 
the polA and ligA defects on the profile of DNA strands during TLD.  The first polA 
mutant was isolated in 1968 (De Lucia and Cairns 1969), at the time of intense 
experimentation on thymine starvation.  The polA1 and polA6 mutants were both reported 
as TLD-hypersensitive (Sedgwick and Bridges 1971; Smirnov, Favorskaya et al. 1971; 
Berg and O'Neill 1973) and the authors in one report (Berg and O'Neill 1973) made a 
special note that the hypersensitivity of polA mutants is due to the shorter lag period (they 
start dying sooner). However, using the same strain, others found that polA mutants die 
faster throughout instead of just having a shorter lag period (Smirnov, Favorskaya et al. 
1971). The polA1, polA3 and polA12 mutants were all reported later to be TLD-
hypersensitive and all showed both a shortened lag period and a faster dying kinetics 
(Nakayama and Hanawalt 1975).  Although it was suspected that PolA is beneficial 
during TLD because of its DNA repair function, there were no difference in the density 
of single stranded breaks (in alkaline sucrose gradients) in polA
+
 versus polA
- 
during TLD 
despite the difference in viability (Sedgwick and Bridges 1971).  However, a later study 
reported that the same polA1 allele, as well as polA3 and polA12, all show early 
appearance of low molecular weight single stranded DNA by alkaline sucrose gradients, 
indidcating an increased level of DNA nicking (Nakayama and Hanawalt 1975).  
 
The lig mutants (Thy
+
) suffer from a TLD-like loss of viability upon shift to the non-
permissive temperature.   Combination of ligase-deficient replication with thymine 
starvation has a synergistic effect.  ligA7(Ts) mutants is hypersensitive to TLD (Pauling 
and Hamm 1968; Pauling, Beck et al. 1976).  For example, there is a loss of 10,000-fold 
in viability in thy lig versus the 100-fold in each of the single mutants (Pauling, Beck et al. 
1976).  Small fragments of DNA labeled in short pulses (usually for detecting Okazaki 
fragments) were observed to be stable and not joined during TLD (Freifelder and Katz 
1971), even though the activity of DNA ligase was not inhibited during TLD (Freifelder 
and Levine 1972).   However, the ligase defect and thymine starvation could be 
contributing to the observed lethality and pre-labeled DNA strand breaks via separate 
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mechanisms.   First, increased level of strand breaks can be detected by alkaline sucrose 
gradient in pre-labeled DNA in ligA mutants , but in thymine-starved ligA mutants the 
level of breaks increased significantly (Pauling, Beck et al. 1976).  Moreover, even 
though low levels of chloramphenicol treatment (3 µg/ml) relieved the killing from the 
ligA defect, it could not relieve the killing from the thyA defect (Pauling, Beck et al. 1976) 
showing the different nature between the two killing mechanisms.  Chloramphenicol 
treatment partially relieved hypersensitivity seen in the double ligA thyA mutant, while 
rifampicin was shown to relieve killing in ligA, thyA or ligA thyA mutants (Pauling, Beck 
et al. 1976).  While chloramphenicol treatment can inhibit formation of strand breaks in 
ligA mutants, chloramphenicol can only inhibit a fraction of the strand breaks in ligA 
thyA mutants, showing that thymine starvation introduces breaks of a different nature 
from those due to ligase-deficiency (Pauling, Beck et al. 1976).  In conclusion, both the 
ligase-defect and thymine starvation induce DNA strand breaks and rapid killing, but it is 
unlikely that they do it by the same mechanism. 
 
 
1.6. DNA breaks from thymine starvation 
 
DNA strand breaks are observed during TLD in bacteria, including E. coli, B. subtilis and 
Diplococcus pneumoniae, (Mennigmann and Szybalski 1962; Freifelder 1969; 
Reichenbach, Schaiberger et al. 1971; Breitman, Maury et al. 1972; Bhattacharjee and 
Das 1973; Hill and Fangman 1973; Nakayama and Hanawalt 1975; Bousque and Sicard 
1976; Pauling, Beck et al. 1976), although in two reports using E. coli C321 (Baker and 
Hewitt 1971) or E. coli W3110 (Sedgwick and Bridges 1971) no breaks were observed.  
All of these studies used methods, such as alkaline sucrose gradient, that do not 
distinguish between double stranded breaks and single stranded breaks.  Re-examination 
of the strain used in one of the studies that did not show breaks (Baker and Hewitt 1971) 
revealed breaks (Nakayama and Hanawalt 1975).  Conditions that suppress killing, such 
as treatment with chloramphenicol, rifampin or cyanide, or starvation for glucose or 
inorganic phosphate, all block break formation (Nakayama and Hanawalt 1975; Pauling, 
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Beck et al. 1976). Two studies reported that double strand breaks occur during TLD, 
using neutral sucrose gradients (Yoshinaga 1973) or Pulse Field Gel Electrophoresis 
(PFGE) (Guarino, Salguero et al. 2007), while another study using PFGE did not find any 
double-strand breaks in E. coli (Nakayama, Kusano et al. 1994).  Instead, Nakayama 
reported increased formation of ―non-migrating‖ DNA during TLD consisting of 
branched species that cannot migrate into the gel during electrophoresis (Nakayama, 
Kusano et al. 1994).  The formation of these branched species depends on functional 
RecA, the central player for homologous recombination, and the authors suggested that 
homologous recombination forming branched species correlates with death during TLD.  
In a study of thymine-starved B. subtilis, single strand breaks are detected, while double 
strand breaks are not (by neutral sucrose gradient), yet upon addition of thymine, double 
strand breaks accumulate (Buick and Harris 1975).   Buick and Harris implicated 
hypermethylation as the cause of the strand breaks (Buick and Harris 1975). Another 
report using D. pneumoniae also found no detectable double strand breaks during 
thymine starvation (Bousque and Sicard 1976). Alkaline sucrose gradients detected 
strand breaks during thymine starvation in yeast (Barclay, Kunz et al. 1982; Kunz and 
Haynes 1982) and human cells (Sedwick, Kutler et al. 1981) by.  Chromosome breakage 
is also detected in plant, mammalian and human cells following treatment by drugs that 
inhibit dTMP synthesis or in TS mutants (Koyama, Ayusawa et al. 1982; Ayusawa, 
Shimizu et al. 1983; Yoshioka, Tanaka et al. 1987) (also see review in (Kunz 1982)).   
 
Loss of DNA during TLD has been reported in E. coli, up to 10% by the end of starvation 
(Walker and Smith 1970; Breitman, Maury et al. 1972).  Circular DNA F factor is also 
reported to be degraded in thymine-starved E. coli (Freifelder 1969).  Within four hours 
of thymine starvation, 10 to 15% of the DNA is lost in B. subtilis (Reiter and Ramareddy 
1970; Buick and Harris 1975).  Interestingly, Ramareddy and Reiter reported sequential 
loss of chromosomal markers in thyA mutant Bacillus subtilis cells, synchronized by 
germinating spores and switched to a medium without thymine, and that the loss of 
markers started at the position of replication forks and went towards the replication origin 
(Ramareddy and Reiter 1970; Reiter and Ramareddy 1970).  Moreover, in thyA mutant 
  
24 
spores of B. subtilis, germinating into a thymineless medium, a partial disappearance of 
the replication origin DNA was observed (Regamey, Harry et al. 2000). This 
disappearance was quite specific and sharp in that the loci even 20 kbp away from the 
origin were not affected. The damage observed at the replication origin suggests that 
chromosomal problems may be coming from regions of newly-initiated replication forks 
after thymine starvation.   
 
 
1.7. Chromosomal problems and recombinational repair during other cases of DNA 
replication inhibition 
 
In E. coli, the only way to repair a double strand break is via recombinational repair.  
Recombinational repair is a complex multi-enzyme system to rescue inactivated
 
replication forks and repair chromosomal breaks (Kuzminov 1999; Cox, Goodman et al. 
2000).   RecA catalyzes the homologous pairing and strand exchange reaction, the central 
reaction of recombinational repair, which uses the intact sister chromosome for repair of 
double stranded breaks or blocked single stranded gaps (Figure 1.3.).  The RecBCD 
enzyme (exonuclease V) initiates the recombinational repair of double-strand breaks, 
while RecFOR complex initiates the recombinational repair of single strand gaps 
(Kuzminov 1999).   The strand-exchange reaction by RecA gives rise to four-arm 
junctions, named Holliday Junctions (HJ), which require the RuvABC resolvase or the 
RecG helicase to be resolved.  Double strand breaks can come from exogenous factors 
such as DNA damage, or from stalled replication forks (Bierne and Michel 1994; 
Kuzminov 1995; Kuzminov 1999; Michel, Grompone et al. 2004).  The past decade has 
seen accumulation of new evidence that blocked replication forks do not restart directly 
and are first processed by recombinational proteins. A growing number of 
recombinational repair proteins, as well as other DNA repair or replication-related 
proteins, have been proposed to act at blocked forks in vivo (see review in (Michel, 
Grompone et al. 2004)).  Some recombinational proteins act at stalled replication forks to 
prevent, rather than repair, fork breakage.  Some of these new findings may give us an 
  
25 
insight into what is happening during thymine starvation, when replication forks should 
also be stalling. 
 
1.7.1.  Recombinational repair in cells with nucleotide pool starvation. 
 
Although HU treatment is mostly bacteriostatic in E. coli (Rosenkranz and Carr 1966; 
Rosenkranz, Garro et al. 1966; Sinha and Snustad 1972; Guarino, Salguero et al. 2007), 
double strand breaks were observed in HU-treated cells, and the ruvABC defect 
suppresses the formation of these double strand breaks (Guarino, Salguero et al. 2007). 
The recBC, recA, ruvABC and recG mutants are all growth-inhibited compared to the 
Rec
+
 cells when plated on HU (Beam, Saveson et al. 2002).  recA and recBC mutants are 
also hypersensitive during acute treatment (Shimada, Shibata et al. 1975; Guarino, 
Salguero et al. 2007).  ruvABC mutations completely rescue the hypersensitivity of recBC 
mutants during HU treatment (Guarino, Salguero et al. 2007), suggesting recBC mutants 
are killed by the double stranded breaks generated by RuvABC actions.  Similar 
observations were made in nrdA101 mutants, which have arrested replication forks due to 
dNTP starvation (the activity of the ribonucleotide reductase is only 6% of the wild-type 
under the non-permissive conditions (Fuchs, Karlstrom et al. 1972)) – and in which 
RuvABC-dependent double strand breaks were observed (Guarino, Jimenez-Sanchez et al. 
2007; Guarino, Salguero et al. 2007).  Moreoever, nrdA101 recA and nrdA101 ruvABC 
mutants grow better than nrdA101 recB strains and ruvABC mutations rescue the severe 
inhibition of growth in the nrdA101 recB double mutants.  All these observations are 
consistent with the model known as replication fork reversal, according to which a stalled 
replication fork migrates back, allowing the newly-synthesized DNA strands to anneal, 
forming a HJ with a double stranded end, which can be cleaved by RuvABC to form 
double strand breaks (Figure 1.4.) (Higgins, Kato et al. 1976; Michel, Grompone et al. 
2004). Therefore, during dNTP starvation 1) replication forks are stalled, then they 
―reverse‖, 2) RuvABC is responsible for generation of double strand breaks from the 
reversed forks, and 3) RecBCD is more important than RecA in maintaining survival 
during this scenario, by degrading the double stranded end towards the HJ, thus 
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eliminating the junction and preventing the formation of double strand breaks via 
RuvABC resolution of the junction. 
 
1.7.2.  Recombinational repair in dnaB, dnaE, dnaN and holD mutants. 
 
One of the roles of recombinational repair is to reset inactivated replication forks.   
Inactivated replication forks in different situation can be processed differently by the 
same recombinational proteins.  In dnaB(Ts) mutants, it was found that RecA is involved 
in generating the reversed replication forks as inactivation of recA can prevent the 
formation of RuvABC-dependent double strand breaks (Seigneur, Ehrlich et al. 2000).  
This action of RecA does not require any of the recombination proteins essential for the 
presynaptic step of homologous recombination, RecBCD, RecF or RecO.   However, in 
dnaE(Ts) and holD
Q10am
 (amber mutation in HolD, the psi subunit of the DNA clamp 
loader) mutants, it was found that RuvAB (instead of RecA) is needed for replication fork 
reversal (Baharoglu, Petranovic et al. 2006).  UvrD, a 3‘ → 5‘ helicase, is found to be 
needed to rescue replication forks and to maintain survival in the dnaE(Ts) and dnaN(Ts) 
(the DNA clamp) mutants, but only to counteract the toxic effect of RecA, RecFOR, 
RecQ (another 3‘ → 5‘ helicase) and RecJ (a 5‘ → 3‘ ssDNA exonuclease) activities 
(Flores, Bidnenko et al. 2004; Flores, Sanchez et al. 2005; Lestini and Michel 2007).  
This latest finding that there are toxic effects of the RecAFOR branch of recombinational 
repair turns out to be critical in our investigation of the mechanism of TLD.   
 
 
1.8. Recombinational repair in thymineless death 
 
1.8.1. The toxic pathways – RecA, RecFORJQ. 
 
Although the mechanism of TLD remains elusive, there are mutants resistant to the 
killing by thymine starvation, which gives researchers hope to figure out what cellular 
processes are participating in the killing pathway. All TLD-resistant mutants isolated to 
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date are in the RecFOR pathway of recombinational repair.  In fact, the recF143/144/145 
mutants were the first to be described as resistant to TLD in 1982, while recO and recJ 
were also found to confer resistance to TLD in 1988 (Nakayama, Nakayama et al. 1982; 
Nakayama, Shiota et al. 1988).  The recQ mutation was isolated in a TLD-resistance 
screen (Nakayama, Nakayama et al. 1984).  Some of these mutations were confirmed in 
newer studies to bring resistance to TLD by the use of complete deletion mutations 
(Fonville, Bates et al. 2010; Kuong and Kuzminov 2010; Sangurdekar, Hamann et al.).  
Currently in vivo function of RecFOR is recognized as initiating recombinational repair 
of blocked single stranded gaps while there is substantial evidence that RecFOR is also 
needed to disengage stalled replisomes from DNA lesion and to restart replication forks 
on damaged DNA templates (Kuzminov 1999).  RecFOR proteins are shown in vitro to 
promote RecA polymerization on SSB-complexed ssDNA.  It is proposed that the RecOR 
complex provides both the ss-gap recognition (licensing) and a nucleation signal for 
RecA to displace SSB.  Resumption of replication after UV irradiation requires RecF, 
RecR and RecA, and it was proposed that the RecA filament reaching a stalled replisome 
could disengage the latter from the block in template strand.  In summary, all major in 
vivo roles of RecFOR are expressed through RecA, be it helping RecA polymerization at 
blocked single strand gaps, stalled replication forks or restarting the replisome. 
 
How the RecFORJQ pathway is poisoning cells during TLD is still unclear despite our 
advances in understanding their roles in recombinational repair. This is mostly because of 
the lack of effect of the recA mutation on TLD, whereas all known biological roles of 
RecF require RecA (using recA56 (Anderson and Barbour 1973), recA1, recA13, recA56 
or recA99 (Nakayama, Nakayama et al. 1982)).  On the other hand, there are also reports 
of recA mutation bringing a relief to TLD using the mr2-31 recA (Inouye 1971) and  
recA13 (Ahmad 1980) alleles.  Newer studies using ΔrecA deletion mutation reported a 
mild relief of TLD using ΔrecA635 (Fonville, Bates et al. 2010) and ΔrecA306 (Kuong 
and Kuzminov 2010) alleles.  Discrepancies between studies were suspected to be caused 
by allele specificity (Fonville, Bates et al. 2010) or growth conditions (Ahmad 1980). 
Unfortunately, TLD studies tend to employ a variety of growth conditions, providing a 
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possible explanation for the confusing variation of the recA mutation effects on TLD that 
are sometimes mentioned even within the same report (Fonville, Bates et al. 2010).  
Several cellular processes, such as recombinational repair of double-strand DNA breaks, 
homologous recombination after conjugation, SOS induction and DNA-damage-induced 
mutagenesis, depend on RecA.  Which role of RecA is responsible for the killing during 
TLD is currently arguable. Epistatic analysis of recA with other mutants may be able to 
provide new insights into how RecA contributes to toxicity in TLD. 
 
1.8.2. The beneficial pathways – UvrD, RuvABC, RecBCD. 
 
RecA-promoted homologous pairing and strand exchange, if not properly supervised, 
pose a risk of genomic rearrangements by recombination between repeat regions.   Thus, 
activity of RecA in the cell is under tight supervision and regulation.  The uvrD-encoded 
Helicase II is a 3‘ to 5‘ helicase that unwinds DNA from nicks or double-strand ends 
(Runyon, Bear et al. 1990) and is an important player in nucleotide excision repair and 
mismatch repair. In addition, in vitro UvrD promotes disassembly of recombinational 
intermediates back to initial substrates (Morel, Hejna et al. 1993) and can dismantle 
RecA nucleoprotein filaments (Veaute, Delmas et al. 2005).  UvrD is known to 
counteract toxic RecFOR-licensed RecA filament assembly at stalled replication forks in 
rep, dnaE(Ts) and dnaN(Ts) mutants (Flores, Sanchez et al. 2005; Lestini and Michel 
2007; Lestini and Michel 2008), and the uvrD mutants were long known to have a 
―hyper-recombination‖ phenotype, especially in rearrangements by short homologies 
(Zieg, Maples et al. 1978; Arthur and Lloyd 1980; Feinstein and Low 1986; Bierne, 
Seigneur et al. 1997). The uvrD mutants were reported to be TLD-hypersensitive in 1973 
(Siegel 1973), but at the time UvrD was mostly known for its role in excision repair and 
methyl-directed mismatch repair, and its significance in monitoring the processing of 
stalled replication forks by recombinational repair during thymine starvation was 
overlooked.   We showed that uvrD mutants are hypersensitive to TLD only because of 
the RecFOR-RecA activities (Kuong and Kuzminov 2010) and proposed that failure of 
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the supervision of RecA activities may be one of the reasons cells die during thymine 
starvation.   
 
The RuvAB translocase recognizes and binds Holliday Junctions (HJ), branch migrates / 
translocates the HJ and together with the RuvC endonuclease cleaves the HJ (Kuzminov 
1999).  The ruv mutation was first reported to cause TLD-hypersensitivity in 1984 
(Iyehara-Ogawa H 1984), and results were confirmed by using a deletion allele ΔruvABC 
(Fonville, Bates et al. 2010; Kuong and Kuzminov 2010). The ruvC53 mutation with the 
RuvAB translocase function intact was also reported to be TLD hypersensitive 
(Nakayama, Kusano et al. 1994).  The kinetics of death in ΔruvABC mutants is similar to 
ΔrecBCD, with a slightly longer lag period (Kuong and Kuzminov 2010).  The role of 
Ruv in TLD is unclear, mainly because the RecG helicase, which is thought to represent 
the alternative way to resolve HJ during recombinational repair, has an opposite effect on 
TLD – ΔrecG mutants have a mild relieving effect on TLD but the ΔrecG ΔruvABC 
double mutants lose viability even faster than Δruv single mutants (Kuong and Kuzminov 
2010).  Compared with the mild phenotype of the recG mutant, the hypersensitivity of the 
double mutant may imply that problems that need RecG resolution are generated only in 
the ruv mutants.  Resolving recombinational repair intermediates may not be the role of 
Ruv in TLD, because although ruv mutants are TLD-hypersensitive, recA mutants are not 
(Fonville, Bates et al. 2010; Kuong and Kuzminov 2010).  Taking into account that recA 
or recF defects completely rescue the hypersensitivity of ruvABC mutants to thymine 
starvation (Fonville, Bates et al. 2010; Kuong and Kuzminov 2010), one can hypothesize 
that RuvABC is directly competing with RecF and RecA for substrates during TLD, that 
substrate being stalled replication forks.  Alternatively, RuvAB may counteract RecA-
catalyzed reversal of stalled replication forks.  It is observed that recA441, recA720 and 
recA730 defects exacerbate the UV sensitivity of ruv mutants (Tseng, Hung et al. 1994), 
all these alleles having the ability to displace SSB from ssDNA without RecFOR 
participation (Lavery and Kowalczykowski 1992; Madiraju, Lavery et al. 1992).  In vitro, 
RuvAB can dissociate recombinational intermediates covered with RecA filaments 
(Tsaneva, Muller et al. 1992; Iype, Inman et al. 1995), and RuvAB can also disperse 
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RecA filaments from duplex DNA (Adams, Tsaneva et al. 1994).   In other cases where 
replication forks are stalled in cells either treated with HU, or defective in the 
ribonucleotide reductase (Guarino, Jimenez-Sanchez et al. 2007; Guarino, Salguero et al. 
2007), or defective in the replisome (Flores, Bidnenko et al. 2004; Flores, Sanchez et al. 
2005; Baharoglu, Bradley et al. 2008; Le Masson, Baharoglu et al. 2008), stalled 
replication forks undergo reversal, this reaction requiring RuvAB, and ruvABC 
inactivation can suppress chromosomal breakage from the reversed forks.  There are 
RuvA mutants that lose the ability to reverse replication forks but maintain the ability to 
complete recombinational repair, which separates RuvABC actions at replication forks 
versus HJ from recombinational repair intermediates (Baharoglu, Bradley et al. 2008), 
further supporting the view the handling of stalled replication forks by RuvABC is a 
separate reaction from its role in resolving HJ intermediates of recombinational repair.  
Together with the UvrD findings, it is becoming apparent that the failure to control RecA 
action at stalled replication forks is a cause of significant toxicity in thymine-starved cells.  
Recently it was shown that the uvrD ruv double mutants are inviable, whereas 
inactivation of recF, recJ and recQ genes suppresses this inviability (Flores, Bidnenko et 
al. 2004; Flores, Sanchez et al. 2005; Veaute, Delmas et al. 2005; Lestini and Michel 
2007; Magner, Blankschien et al. 2007), suggesting that the counter-RecA role of UvrD 
and RuvABC is not limited to thymine starvation but may also be relevant during normal 
replication. 
 
RecBCD (exonuclease V in E. coli) is a potent helicase combined with exonuclease that 
works on both duplex and single stranded DNA and is different from other nucleases in 
that the duplex DNA degradation is completely dependent on ATP hydrolysis — 
therefore requires DNA unwinding (Kuzminov 1999).  Null mutations in the RecB or 
RecC subunits inactivate all the enzyme activities, whereas null mutations in the RecD 
subunit only abolish the nuclease activities, with the helicase activity of the RecB subunit 
still functional (Rinken, Thomas et al. 1992; Kuzminov 1999, ).  RecBCD is required for 
recombinational repair of DSBs in E. coli because it genertates the 3‘-ss-overhangs for 
RecA to polymerize on and provides the nucleation push to stimulate RecA 
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polymerization on 3‘-ssDNA overhangs, thus aiding with the displacement of SSB 
(Wang and Smith 1986; Kuzminov 1999).  RecBCD is also required for homologous 
recombination after conjugation, transduction, and transformation. The viability of 
recBCD mutants is even lower than that of recA mutants (Miranda and Kuzminov 2003), 
suggesting that RecBCD enzyme is important for survival outside the RecA-dependent 
repair.  recBC mutants were reported to be TLD-hypersensitive (Cummings and Mondale 
1967; Anderson and Barbour 1973; Ahmad 1980; Nakayama, Nakayama et al. 1982; 
Kuong and Kuzminov 2010).  recB21 recC22 was reported to have no effect on TLD 
(Anderson and Barbour 1973) but the same strain was reported to be hypersensitive 
(Ahmad 1980) (also in the AB1157 background (Nakayama, Nakayama et al. 1982)), 
consistent with what was reported for the recB21 single mutant (Cummings and Mondale 
1967).  Nakayama (Nakayama, Nakayama et al. 1982) suggested that the strain used in 
(Anderson and Barbour 1973) might contain a sbcA suppressor mutation.  The sbcB15 
suppressor of the recBC defect (Kushner, Nagaishi et al. 1972) gave a modest relief of 
the hypersensitivity to thymine starvation, but the xonA mutation did not change the 
hypersensitivity of recBC mutants (Nakayama, Nakayama et al. 1982).  ΔrecBCD 
mutants in the AB1157 background were reported to be hypersensitive to TLD (Kuong 
and Kuzminov 2010). recBCD mutation is epistatic to recA and recF mutations and has 
an additive effect with the uvrD defect during TLD (Kuong and Kuzminov 2010).  Since 
the effect of RecBCD inactivation on TLD is so different from that of RecA inactivation, 
this suggests that the role of RecBCD role in TLD cannot be simply explained by 
preparation of double-strand ends for RecA polymerization and homology-guided strand 
exchange.   Whether TLD is a direct consequence of DSBs remains unsettled, unless we 
can explain why these DSBs become irreparable during thymine starvation.  On the other 
hand, recN encodes a SMC (structural maintenance of chromosome)-like protein known 
to mediate DSB repair under certain conditions (Meddows, Savory et al. 2005) but its 
inactivation was reported to have no effect on TLD using recN1502::Tn5 (Nakayama, 
Shiota et al. 1988).  Therefore, the degradation function of RecBCD may be more 
important than the RecA-licensing function in TLD. The rate of DNA degradation in 
recD mutants is about 50% of WT cells through a combination of RecBC helicase with 
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ssDNA-specific exonucleases ExoI (SbcB) and the RecJ exonuclease (Rinken, Thomas et 
al. 1992).  recD mutants have no effect on TLD (Kuong and Kuzminov 2010), however, 
suggesting that wild type rates of degradation  are not important to maintain survival 
during TLD.  Further study is needed to elucidate the mechanism of formation of DSBs 
in TLD before we can understand the role of RecBCD. 
 
 
1.9. The SOS response 
 
When replication forks are arrested or when there is DNA damage, a pleiotropic response, 
known as the SOS response, is induced, resulting in the up-regulation of over 30 genes 
and down-regulation of over 20 genes to boost DNA damage tolerance and repair 
capacity, while slowing down metabolism.  RecA plays a central role in both 
recombinational repair and the SOS response, and past researchers had looked into the 
role of SOS response in TLD.  RecA filaments on ssDNA bind LexA, the repressor of the 
SOS regulon, to promote its self-cleavage and inactivation. This removes the repression, 
leading to rapid production of the corresponding proteins, including RecA and LexA 
themselves. During TLD, SOS is induced continuously (O'Reilly and Kreuzer 2004; 
Kuong and Kuzminov 2010).  The lexA3 mutants, with a noncleavable LexA repressor 
that cannot induce the SOS response, were reported to have either no effect (Howe and 
Mount 1975; Morganroth and Hanawalt 2006), or a relieving effect (Fonville, Bates et al. 
2010), or  a mild relieving effect (Kuong and Kuzminov 2010) on TLD.  The recA430 
allele, which is proficient in recombinational repair but not in SOS induction, was 
reported to also confer resistance to TLD (similar to their lexA3 level) (Fonville, Bates et 
al. 2010), suggesting that the role of SOS induction is not through increased DNA 
damage repair proficiency.  Confusingly, in lexA71 mutants where SOS is induced 
constitutively, the effect is the same as in lexA3 mutants (Kuong and Kuzminov 2010), 
whereas using a recAo SOS-induction-constitutive mutant there is no effect on TLD 
(Fonville, Bates et al. 2010), making it difficult to make conclusion about the role of the 
SOS induction during thymine starvation.   In both studies (Fonville, Bates et al. 2010; 
  
33 
Kuong and Kuzminov 2010) the effect of lexA(IND) mutants resembles a milder form of 
the effect of recA mutants, with a short period of TLD hypersensitivity at the beginning, 
yet a mild resistance later on (in contrast, lexA(DEF) mutants did not exhibit the early 
sensitivity).   
 
Cell division inhibition by SulA is a unique aspect of SOS induction.  The lon
-
 mutants 
are defective in the protease that degrades SulA and are TLD-hypersensitive (Cummings 
and Mondale 1967; Walker and Smith 1970; Huisman, D'Ari et al. 1980) and the sulA 
(sfiA) mutation can suppress this hypersensitivity (Huisman, D'Ari et al. 1980), implying 
a toxic role of SulA in TLD.  The sulA mutations, however, was reported to have no 
effect on TLD (Huisman, D'Ari et al. 1980) (also see Figure 4.11.) and in another study 
to bring a relief to TLD (Fonville, Bates et al. 2010).  The relief in the latter study is 
sometimes stronger and sometimes minimal, suggesting that the effect of sulA may be 
influenced by minor changes in growth conditions.  
 
 
1.10. The influence of thymine starvation on  mutagenesis and recombination 
 
Increased mutagenesis during thymine starvation was demonstrated in E. coli, by 
screening for histidine auxotroph revertants (Adelberg and Coughlin 1956), streptomycin 
resistance (Latham and Weinberg 1956; Bresler, Mosevitsky et al. 1973), uracil 
auxotroph revertants (Kanazir 1958), tryptophan auxotroph revertants (Bridges, Law et al. 
1968; Mennigmann and Pons 1979), arginine auxotroph revertants (Deutch and Pauling 
1974), lacI mutations and reversion of the trpE9777 frameshift mutation (Kunz and 
Glickman 1985), as well as in other organisms including bacteriophage T4 (Smith, Green 
et al. 1973; Ripley 1975), Salmonella enterica typhi (Holmes and Eisenstark 1968) and 
Bacillus subtilis (Bresler, Mosevitsky et al. 1973).  Analysis of the revertants reveals that 
the induced mutations are predominantly AT → GC transitions, as well as all possible 
transversions, frameshifts and deletions.  The ung mutation inactivating uracil-DNA-
glycosylase does not affect the frequencies of mutations during TLD (Kunz and 
  
34 
Glickman 1985) while the lexA(IND) mutations were reported to abolish mutagenesis 
during TLD (Bridges, Law et al. 1968).  The increase of mutagenesis during thymine 
starvation reported ranged from approximately 1 to 2 orders of magnitude depending on 
the methods and time of starvation.  One caveat of these studies is that one can measure 
mutagenesis only in survivors of TLD. When survival is high, resolution power for 
determining mutagenesis is better because of the higher number of cells counts available.  
During the killing phase, although survival can be only 0.1%, the ―dead‖ cells are still 
metabolically active, as evident from the ―unbalanced growth‖ – RNA synthesis, protein 
synthesis and turbidity of the culture all continue to increase.  There is no information so 
far on the effect of mutagenesis on these metabolically active yet ―genetically dead‖ cells.  
Therefore the lower rate of mutagenesis in cells that survived the late phase of TLD may 
not reflect the whole picture.  On the other hand, sublethal thymine limitation (0.06 to 0.3 
µg/ml) gives a higher rate of mutagenesis in bacteria, and mutagenesis also occurs earlier 
compared to the lethal thymine starvation (Bresler, Mosevitsky et al. 1970; Bresler, 
Mosevitsky et al. 1973; Deutch and Pauling 1974) and is independent of the polA, recA 
or lexA mutations (Bresler, Mosevitsky et al. 1973).  At higher thymine concentrations 
(0.4 to 0.5 µg/ml or higher) mutagenesis decreases again (Bresler, Mosevitsky et al. 
1973).  
 
In eukaryotes, thymineless mutagenesis does not affect nuclear DNA in Saccharomyces 
cerevisiae (Barclay and Little 1977; Kunz, Barclay et al. 1980) but it severely affects 
mitochondrial DNA, resulting in respiratory deficient mitochondrial mutants, both in 
Saccharomyces cerevisiae (Barclay and Little 1978; Zelikson and Luzzati 1982; Kohalmi 
and Kunz 1993) and in human cells (Dinmink and Hoar 1981).   Mutations induced by 
thymine starvation are also found in chloroplast DNA of Chlamydomonas rheinhardtii 
(Wurtz, Sears et al. 1979).  Even thymine limitation induces mitochondrial mutations and 
loss of mitochondrial DNA in S. cerevisiae (Barclay and Little 1978). 
 
The frequency of chromosomal recombination increases in both eukaryotes and bacteria 
during thymine starvation.  Stimulation of recombination between the episome and 
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chromosome increases in F‘13 merodiploid E. coli (Gallant and Spottswood 1965; Norin 
and Goldschmidt 1979; Rich and Goldschmidt 1980).  Recombination also increases in 
bacteriophage T4 and λ (Kozinski and Kozinski 1964; Berger 1965; Little 1976) and in 
fungus Aspergillus (Putrament 1967; Bignami, Morpurgo et al. 1974; Kafer, Marshall et 
al. 1976) via chemical inhibition of thymidylate synthesis.   Mitotic interchromosomal 
reciprocal recombination (crossing over), nonreciprocal transfer between homologous 
DNA regions (gene conversion), and intrachromosomal recombination between repeated 
genes on the same chromatid or between sister chromatids is increased in S. cervisiae 
during thymine starvation (Kunz, Barclay et al. 1980; Barclay, Kunz et al. 1982; Kunz 
and Haynes 1982; Eckardt, Kunz et al. 1983; Kunz, Taylor et al. 1986).  In mammalian 
cells, homologous recombination activity increases (Mishina, Ayusawa et al. 1991) and 
cytological manifestations of recombination, including chromosome exchanges, sister 
chromatid exchange and quadriradial chromosomes, have been detected in the presence 
of drugs that inhibit thymidylate synthesis (Voorhees, Janzen et al. 1969; Benedict, 
Banerjee et al. 1977; Galloway 1977; Banerjee and Benedict 1979) (also see review in 
(Kunz 1982; Seno, Ayusawa et al. 1985)). 
 
 
1.11. Major hypotheses on the cause of thymineless death 
 
1.11.1. Uracil incorporation. 
 
A unifying theory to explain all the phenomena associated with TLD has been lacking.  
The most frequently mentioned hypothesis is that the increased levels of deoxyuridine 
triphosphate (dUTP), its incorporation into the DNA, and subsequent excision by uracil-
DNA-glycosylase (UDG in humans or Ung in E. coli) generates futile cycles in the 
absence of dTTP (Goulian, Bleile et al. 1980; Ahmad, Kirk et al. 1998; Webley, 
Hardcastle et al. 2000; Ladner 2001; Longley, Harkin et al. 2003) (Figure 1.5., steps A, B, 
C and D), leading to cell death via hyper-recombination and DNA fragmentation (Figure 
1.5., steps E and F). Extensive incorporation of uracil into DNA is lethal in bacteria (el-
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Hajj, Zhang et al. 1988) and yeast (Gadsden, McIntosh et al. 1993), and uracil 
incorporation into DNA is indeed observed in human cells during thymine starvation 
(Goulian, Bleile et al. 1980). Central to this model is the prediction that death depends on 
activity of a single enzyme, uracil DNA glycosylase.  However, uracil DNA glycosylase 
does not seem to play a major role in the killing mechanism: ung mutations in E. coli 
show no effect on TLD (Kunz and Glickman 1985; Kuong and Kuzminov 2010), and 
expression levels of UDG do not affect viability or sensitivity to TS-inhibition in human 
cell lines (Welsh, Hobbs et al. 2003). Therefore, it is possible that wild type levels of 
dUTPase (dut) are enough to hydrolyze any increased levels of dUTP (Neuhard and 
Kelln 1996) during thymine starvation.  As a result, uracil incorporation into DNA is not 
significantly elevated to begin with.  dUTPase was shown to be an essential enzyme in 
wild type and also in the ung
−
 strains in E. coli (el-Hajj, Zhang et al. 1988), even in the 
presence of exogenous thymidine, so despite the fact that uracil incorporation is unlikely 
the major cause of killing during TLD, excessive levels of dUTP are indeed toxic in E. 
coli. 
 
1.11.2.  MazEF toxin-antitoxin system. 
 
Addiction modules, or toxin-antitoxin
 
systems, consist of a pair of genes that encode a 
stable toxin and an unstable antitoxin that neutralizes the lethal action of the toxin.  In E. 
coli, several toxin-antitoxin
 
systems are known, including mazEF, chpBIK, relBE, yefM-
yoeB and dinJ-yafQ, with MazEF and RelBE most studied so far (Engelberg-Kulka, 
Hazan et al. 2005).   MazF is a sequence-specific mRNA endoribonuclease that acts as a 
stable toxin, while MazE codes for a labile antitoxin.  Stressful
 
conditions can affect 
continuous expression of MazE by preventing
 
either its transcription and/or its translation.  
Without MazE, MazF cleaves mRNAs at ACA sequences to inhibit protein synthesis.   It 
was reported that ∆mazEF mutants are completely resistant to TLD, induced by 
trimethoprim, sulfonamides or in ∆thyA mutants in E. coli (Sat, Reches et al. 2003).  The 
problem with that report is that the ∆mazEF mutants suspiciously showed increase of titer 
during thymine starvation by all three methods, which was never observed in any other 
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studies and has no biological sense. In another study, using the same mazEF allele, a very 
mild relief was observed instead (Godoy, Jarosz et al. 2006).  It is also argued that, if 
MazEF system works via inhibiting transcription or protein synthesis, inhibiting both of 
these cellular processes should save cells from TLD  instead of killing them (Morganroth 
and Hanawalt 2006) (and see the section 1.4.2. and 1.4.3. on RNA and protein synthesis).  
Besides, it is also well-documented that both transcription and protein synthesis do not 
stop for hours during thymine starvation (this was an important part of the original 
observations, attributing TLD to "unbalanced growth").  The MazEF system cannot 
provide an explanation consistent with what is known about TLD so far, and it is 
necessary to conduct a more careful investigation on how it, or other toxin-antitoxin 
systems, participate in the mechanism of TLD. 
 
1.11.3.  Chromosomal problems as the cause of death. 
 
Although defects in the major recombinational repair players, such as RecBC, RecF, 
RecO, RecJ and RecQ are known to affect the kinetics of TLD, there are no satisfactory 
molecular models to explain how they are involved in the mechanism of TLD. It has been 
proposed that the persistent single-strand gaps lead to formation of toxic branched DNA 
species by recombination (Nakayama, Kusano et al. 1994; Ahmad, Kirk et al. 1998; 
Nakayama 2005) (Figure 1.5., steps B, C, D, and F) (section 1.6.). Based on recBC 
mutants hypersensitivity to TLD and the detection of double strand breaks in TLD 
(Yoshinaga 1973; Guarino, Salguero et al. 2007; Kuong and Kuzminov 2010) it was also 
proposed that double-strand breaks cause the killing (Nakayama, Kusano et al. 1994; 
Ahmad, Kirk et al. 1998), but this idea does not explain why recA mutants, also devoid of 
double-strand break repair, are not hypersensitive to TLD.  Besides, it is unknown how 
the double strand breaks are formed.  One hypothesis is that the widening single strand 
gaps in opposite DNA strands may eventually overlap, leading to double-strand breaks 
(Ahmad, Kirk et al. 1998) (Figure 1.5., steps D and E). Remarkably, there is no model to 
explain how the well-documented single strand gaps (Mennigmann and Szybalski 1962; 
Freifelder 1969; Nakayama and Hanawalt 1975) are initially generated during thymine 
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starvation.   As already mentioned above (section 1.11.1.), uracil misincoporation with 
subsequent futile excision cycles causing enlargement of single-strand gaps in both DNA 
strands  is the most popular explanation (Breitman, Maury et al. 1972; Goulian, Bleile et 
al. 1980; Kunz 1982; Ahmad, Kirk et al. 1998; Ladner 2001).  DNA breaks via activation 
of an endonuclease during TLD were also proposed (Nakayama and Hanawalt 1975) 
since cell extracts from thymine-starved E. coli cells exhibit endonuclease activity (that 
degrades DNA substrates) not found in non-starved cell extracts (Freifelder and Levine 
1972).  Another hypothesis is that the single stranded breaks form in the chromosomal 
areas where transcription is active (Nakayama and Hanawalt 1975), coming, for example, 
from inhibiting the resealing of DNA during topoisomerization due to DNA repair 
synthesis inhibition (Nakayama, Kusano et al. 1994).  Since many of the earlier studies 
that demonstrated DNA damage during TLD (such as in (Ramareddy and Reiter 1970; 
Yoshinaga 1973)) used E. coli strains that contain prophages, and thymine starvation is a 
known inducer of prophages (Korn and Weissbach 1962; Melechen and Skaar 1962; 
Sicard and Devoret 1962; Maisch and Wachsman 1964), some also attributed the DNA 
breaks to be a consequence of prophage induction (Nakayama and Hanawalt 1975; 
Nakayama, Kusano et al. 1994).   However, later studies used ―prophage free‖ strains, 
and breaks were still observed (Guarino, Salguero et al. 2007; Kuong and Kuzminov 
2010).  Further studies are needed to define the DNA break involvement in the 
mechanism of TLD. 
 
 
1.12. Discrepancies  
 
One of the reasons why no consensus can be reached about the mechanism of TLD is that 
the TLD research is plagued with contradictions in all important aspects of the 
phenomenon. The first example concerns the role of DNA replication in TLD, with 
studies using 100 mM hydroxyurea, the ribonucleotide reductase inhibitor, to stop further 
DNA synthesis during dTTP starvation, that showed either complete block of TLD or no 
effect at all, or either outcome depending on the way HU was prepared (Rosenkranz, 
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Garro et al. 1966; Morganroth and Hanawalt 2006; Kuong and Kuzminov 2009) (also see 
section 1.5.3.).  Another contradiction in TLD research involves the varied kinetics of the 
rapid killing phase (see section 1.3), with some studies showing a prolonged lag period, 
while others showing none, and with significant variation in the depth and the rate of the 
killing, which makes it difficult to compare quantitatively between studies done in 
different conditions and hence precludes figuring out the order of players in genetic 
pathways during TLD.  There is also a disagreement on whether double strand breaks are 
involved in TLD (section 1.11.3.), — for example, using the same method of detection 
(PFGE) one study showed double strand breaks (Guarino, Salguero et al. 2007), while 
another did not (Nakayama, Kusano et al. 1994).   
 
Perhaps the most important contradiction and the source of significant confusion in the 
research for TLD mechanism is the effect of the central recombinational repair activity of 
RecA.   Defects in other important recombinational repair activities have major effects on 
TLD – RecBC, RuvABC, UvrD are responsible for the initial survival during thymine 
starvation, while RecF, RecO, RecR, RecJ and RecQ poison cells (described in section 
1.8.).  How these various recombinational repair proteins are contributing to repair or 
poisoning during TLD never reached a consensus because of the surprising lack of effect 
of the recA mutation on TLD (Inouye 1971; Anderson and Barbour 1973; Ahmad 1980; 
Nakayama, Nakayama et al. 1982). Then in two other studies the recA mutation have a 
strong relieving effect (Inouye 1971; Ahmad 1980), but the direction of the contribution 
of RecA was again unclear, so the curse of the field continued.  Only in one of the above 
studies (Ahmad 1980) did the authors suspect that growth conditions (the casamino acid 
content of the media in that particular study) contributed to the irreproducibility of the 
recA mutant effect. 
 
 
 
 
 
  
40 
1.13. Scope of this thesis 
 
The goal of my research is to investigate the mechanism of thymineless death. I took a 
three-pronged approach, concentrating on genetic, physical and metabolic aspects of TLD. 
Specifically, I characterized chromosomal problems during thymineless DNA replication, 
linked them with the cause of TLD and unraveled the complex role of recombinational 
repair in the TLD mechanism, providing a model that can explain the unique 
circumstances during thymine starvation that lead to toxicity. 
 
The mechanism of rapid exponential death during thymine starvation has been a subject 
of controversy for decades since the discovery of TLD in 1954.  The recF mutation 
confers upon E. coli the strongest resistance against TLD (Nakayama, Nakayama et al. 
1982), in stark contrast to mutants in other cellular processes proposed to be the cause of 
TLD, such as dut / ung (for uracil incoporation / excision) or mazEF (for toxin-antitoxin 
systems) (desicribed in section 1.8.,1.11.1 and 1.11.2.).  Recombinational repair must be 
one of the main players in the mechanism of TLD based on this strong genetics evidence 
alone, though its role remained unclear due to conflicting results in different areas 
(described in section 1.8. and 1.12.). The main role of recombinational repair in E. coli is 
to mend chromosomal breaks and to rescue stalled replication forks, and recent work in 
other systems during impaired replication suggests that recombinational repair proteins 
may play a toxic role under special circumstances via mishandling of stalled replication 
forks (described in section 1.7.).  Our initial hypothesis on the mechanism of TLD was 
that irreparable chromosomal lesions are generated during thymine starvation, via 
damage of stalled replication forks by recombinational repair proteins that normally 
rescue the forks.  To establish the involvement of stalled replication forks, we needed to 
test the inhibition of ongoing or newly-initiated replication forks as a ―requirement‖ for 
TLD (Chapter 2).  We also needed to clarify the confusing results on the role of 
recombinational repair in TLD (Chapter 3 and 4).  My work shows that thymine 
starvation indeed kills E. coli via recombinational mis-repair by the central 
recombinational repair player RecA, which generates irreversible chromosomal lesions, 
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such as damage at the replication origin and possibly at the replication terminus (Chapter 
5 and 6). 
 
In Chapter 2, I show that inhibition of DNA replication by the ribonucleotide reductase 
inhibitor HU is less severe than during thymine starvation.  For this very reason of 
incomplete DNA synthesis inhibition, HU cannot prevent TLD.  Notably, we accidentally 
found that HU is unstable in aqueous solutions, and decomposition products of HU are 
likely behind the inconsistencies of the findings that HU either can or cannot save E. coli 
from TLD, due to inhibition of respiration by these toxic decomposition products.  We 
conclude that studies with HU cannot be interpreted either for or against the role of DNA 
synthesis in TLD because it cannot inhibit DNA synthesis more so than TLD, while 
inconsistencies between studies may be explained by how HU is prepared. 
 
In Chapter 3, I describe the finding that the recA defect in TLD is epistatic to all other 
mutations except recBCD.  Therefore, the sole role of RecBCD in resistance to TLD 
cannot be the repair of double strand breaks via homologous recombination (in which 
RecA is the central player), while UvrD counteracts the detrimental effects of RecF and 
RecA during thymine starvation.  
 
In Chapter 4, I show that RecA can be playing a detrimental role during thymine 
starvation and that this fact was masked in earlier studies due to the protective role of 
RecA from nutrional upshifts during recovery from thymine starvation. I also confirm 
that the recA mutation completely rescues the hypersensitivity of ruvABC and uvrD 
mutants, but not of the recBCD mutants during TLD.  This is similar to the toxic effects 
from RecA observed in other cases of replication inhibition mentioned in section 1.7., 
supporting our hypothesis that RecA processing of stalled replication forks is involved in 
the killing mechanism.  I also showed that damages that cause killing can come from two 
periods: during thymine starvation and during the recovery from the starvation, the latter 
scenario often neglected in TLD studies. 
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In Chapter 5, I examine the extent and stability of DNA replication in cells during TLD, 
measure the level of chromosomal fragmentation and the ori:ter ratio of cells.  My results 
showed localized damage at the origin and the terminus. I conclude that the toxic RecA 
action during thymine starvation leads to damage of the origin region of the chromosome, 
which prevents cells from recovery after thymine starvation because of the permanent 
loss of the origin region. A model of how recombinational repair of disintegrated 
replication forks near the origin leading to degradation of the origin is proposed. 
 
In Chapter 6, I summarise the insights generated from this thesis.  I explain the 
mechanism of TLD based on the chromosomal damage generated by futile and 
detrimental recombinational repair.  I also discuss the new questions generated by my 
study of the TLD mechanism, such as the role of RecBCD and why chromosomal 
damage is localized during thymine starvation. 
  
43 
1.14. Figures 
 
 
 
Figure 1.1. De novo biosynthesis of dTTP in E. coli. 
 
thyA: Thymidylate synthetase 
folA: Dihydrofolate reductase 
glyA: Serine hydroxymethyltransferase 
nrdAB: Ribonucleotide reductase 
ndk: nucleoside diphosphate kinase 
tmk: dTMP kinase 
dut: deoxyuridine triphosphatase (dUTPase) 
dcd: dCTP deaminase 
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Figure 1.2.  Salvage nucleotide metabolism in E. coli. 
 
adhE: acetaldehyde dehydrogenase 
codA: Cytosine deaminase  
cdd: Cytidine deaminase 
dcd: dCTP deaminase 
dut: Deoxyuridine triphosphatase 
deoA: Thymidine phosphorylase 
deoB: Phosphodeoxyribo mutase 
deoC: Phosphodeoxyribo aldolase 
deoD: Purine nucleoside phosphorylase 
ndk: Deoxynucleotide diphosphate kinase 
nrdAB: Ribonucelotide reductase 
pyrH: UMP kinase 
tdk: Thymidine kinase 
thyA: Thymidylate synthetase 
tmk: Deoxyribonucleotide kinase 
upp: UMP pyrophosphorylase 
udp: Uridine phosphorylase 
udk: Uridine kinase 
 
Abbreviations: C, cytosine; CR, cytidine; Pur dR, purine deoxyriboside; TdR, deoxythymidine; U, 
uracil; UR, UMP, and UDP, uridine, uridine mono-, and diphosphate; UdR, deoxyuridine. 
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Figure 1.3.  Scheme of the recombinational repair of chromosomal breaks.  
 
RecA filament polymerization on the damaged chromosomes, licensed either by RecBC (at 
double-strand ends) or by RecFOR (at single-strand gaps). DNA synthesis carried out by Pol I 
and LigA will seal the gap/break.  Holliday Junctions (HJ) are then resolve by either RuvABC 
resolvase or RecG helicase. 
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Figure 1.4.  Replication fork reversal model in replication mutants or HU treated cells. 
In the first step, the replication fork is arrested, causing fork reversal. The reversed fork forms an 
HJ. (The formation of the reversed forks sometimes depends on various recombinational proteins). 
RuvABC may encounter the HJ and cleavage of the HJ will lead to double strand break, which 
can be repaired in a RecBCD-RecA dependent manner.  Or, RecBCD encounters the double 
stranded end, initiates RecA dependent homologous recombination at a chi site and the HJs are 
resolved by RuvABC. Alternatively, if RecBCD encounters the HJ before encounter with chi or 
in the absence of RecA, the DNA double-strand end is degraded up to the HJ, restoring a fork 
structure. In all cases, replication can restart by a PriA-dependent process. In the absence of 
RecBCD, resolution of the HJ by RuvABC will lead to double strand breaks and lethality.  
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Figure 1.5.  Possible mechanism of thymineless death explained via chromosomal damages and 
stalled replication forks.  
 
(A) Normal DNA duplex; (B) during dTTP starvation, wrong bases accumulate in DNA; (C) 
excision of wrong bases; (D) because of the lack of dTTP, excision repair is futile, leading to 
widening of excision gaps; (E) persistent single-strand gaps trigger recombination and formation 
of abnormal branched DNA species; (F) further widening of excision gaps leads to their 
overlapping and double-strand breaks; (G) normal replication fork; (H) replication fork stalling 
because of dTTP starvation, with unfinished Okazaki fragments accumulating; (I) improper 
recombination processing of a stalled replication fork.  Filled lines, template DNA strands; open 
lines, newly synthesized DNA strands; X, wrong DNA base. The ‗white death‘ signs mark 
scenarios that were proposed to be lethal via the uracil excision model. The ‗black death‘ sign 
marks the scenario based on replication fork stalling.  
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CHAPTER TWO 
 
Cyanide, Peroxide and Nitric Oxide Formation in Solutions of 
Hydroxyurea Causes Cellular Toxicity and May Contribute to 
its Therapeutic Potency 
Published as Kuong, K.J. and A. Kuzminov 2009 JMB 390(5):845-862 
 
2.1. Introduction 
 
Hydroxuyrea (HU ) is a familiar and potent medicine with an apparently straightforward 
mechanism of biochemical action towards a well-characterized target, yet with unclear 
pharmacology (Navarra and Preziosi 1999). The only known cellular target of HU is 
ribonucleotide reductase, whose inactivation inhibits production of DNA precursors, 
specifically blocking DNA synthesis in both human and bacterial cells (Young, 
Schochetman et al. 1967; Young, Schochetman et al. 1967; Elford 1968; Krakoff, Brown 
et al. 1968; Sinha and Snustad 1972; Reichard and Ehrenberg 1983; Yarbro 1992). The 
inhibition of chromosomal replication by HU in bacteria is reversible, as no lethality is 
observed during the first several hours of HU treatment (Rosenkranz and Carr 1966; 
Rosenkranz, Garro et al. 1966; Sinha and Snustad 1972). Cytotoxicity of HU in 
mammalian and human cells is more complex, depending on several parameters and 
suggesting contribution of additional unknown factors. First, HU kills S-phase cells, but 
does not kill G1 or G2 cells; second, HU kills continuously-dividing cells, but not the 
cells that were stimulated to divide; third, HU kills cultured cells better than the cells 
within an organism (Sinclair 1965; Farber and Baserga 1969; Sawicki and Godman 1971; 
Bradley, Kohn et al. 1977; Grdina, Sigdestad et al. 1979). However, even in the cases of 
maximal sensitivity, residual survival of HU-treated cell populations is still 20-50%.  
 
To examine the role of DNA replication in TLD, HU was used, but results were 
conflicting (Rosenkranz, Garro et al. 1966; Morganroth and Hanawalt 2006). The idea is 
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that the DNA replication inhibition brought by HU in cells undergoing TLD may be able 
to prevent any replication dependent damage that occurs, if they exist.   In earlier studies, 
100 mM HU brought a complete protection to TLD (Rosenkranz, Garro et al. 1966); in a 
more recent report, 75 mM and 100 mM HU offered no protection, while 200 mM HU 
did (Morganroth and Hanawalt 2006). The latter authors reported, though, that all HU 
concentrations blocked DNA synthesis completely, proposing that it is HU‘s modest 
effect on RNA synthesis, which is responsible for the observed protection (Morganroth 
and Hanawalt 2006).   
 
The original objective of this study was to test whether TLD is dependent on DNA 
replication, using HU to inhibit DNA synthesis. Unexpectedly, we discovered a rapid 
bactericidal effect of aged HU solutions.  The picture was complicated by the fact that the 
surviving cells then became completely resistant to TLD.  Since the biological activity 
(the ability to inhibit DNA synthesis) of HU solutions does not change over a period of 
several months, HU is considered to be essentially stable in solutions (Fishbein, Winter et 
al. 1965; Heeney, Whorton et al. 2004; King 2004), and with a few exceptions that 
specifically used only freshly-made HU(Rosenkranz, Garro et al. 1966; Shimada, Shibata 
et al. 1975), experimental reports of HU-treatment of cells do not mention details of HU 
preparation or storage.  At the same time, there are periodic reports of HU instability in 
aqueous solutions, although they disagree about the resulting species (Jacobs and 
Rosenkranz 1970; el-Yazigi and al-Rawithi 1992; Lunghi, Aloni et al. 2002), which 
suggests elusive decomposition products. Using gas chromatography followed by mass 
spectrometry (GC-MS), we identified two gasses, hydrogen cyanide and nitric oxide, in 
aged HU stocks; using enzymatic assays, we found peroxides. We then confirmed that 
combining HCN, NO and H2O2 together emulates the killing and TLD-protection effects 
of aged HU. Since HCN, NO and H2O2 are all physiologically active, these novel 
decomposition products of hydroxyurea may be relevant to its therapeutic potency and 
versatility as a medicine. While seeking the source of HU toxicity we also found 
evidence that both fresh and aged HU damage DNA bases directly. 
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2.2. Materials and methods 
 
Strains. 
 
All E. coli strains are K-12 and are derivatives of AB1157 (Appendix A. Table 1.).  
Alleles were moved between strains by P1 transduction (Miller 1972; Miranda and 
Kuzminov 2003).  Precise deletion-replacement alleles of selected genes were created by 
the Datsenko and Wanner method (Datsenko and Wanner 2000) and confirmed by PCR 
and phenotypic tests. The deo mutants were confirmed by their sensitivity to 5-
fluorodeoxyuridine (Zalkin and Nygaard 1996). The recA and recBCD mutants were 
confirmed by their characteristic sensitivity to UV irradiation and to tert-butyl-
hydroperoxide. The xth nfo double mutants were confirmed by their sensitivity to H2O2 
and tert-butyl-hydroperoxide (Cunningham, Saporito et al. 1986). The tdk mutants were 
confirmed by their inability to incorporate exogenous thymidine (Hiraga 1967).   
 
Growth conditions. 
 
All strains were kept on LB plates with appropriate antibiotics, supplemented with 10 
µg/ml thymidine if strains were thyA mutants. LB broth per 1 L contains: 10 g tryptone, 5 
g Yeast extract, 5 g NaCl, pH 7.4 with 250 µl 4M NaOH; LB agar  contained 15 g agar 
per 1 liter of LB broth;  M9CAA medium contain 1xM9 salts (Difco), 2 mM MgSO4, 0.1 
mM CaCl2, 10 mg/l thiamine (B1), 0.2 % glucose and 0.2 % casamino acids (Difco). 
Davis minimal medium per 1 L contained: 1 g glucose, 7 g dipotassium phosphate, 2 g 
monopotassium phosphate, 0.5 g sodium citrate, 0.1 g magnesium sulfate, 1 g ammonium 
sulfate, supplemented with 0.2 % casamino acids (Difco).  MOPS-minimal phosphate 
medium was according to Neidhardt (Neidhardt, Bloch et al. 1974). Antibiotics were 
used in the following concentrations:  kanamycin sulfate – 50 g/ml, sodium ampicillin – 
100 g/ml, tetracycline-HCl – 10 g/ml, chloramphenicol – 12.5 g/ml.  
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Cells were grown at 30°C in M9CAA medium until mid-logarithmic phase (OD600 ~ 0.15) 
followed by HU treatment and/or thymineless death conditions, unless noted otherwise.  
Removal of supplemented thymidine from thyA mutant cultures to induce thymineless 
death was performed by collecting cells on nitrocellulose membrane filters (type 0.22 µm 
GS, Millipore), washing with two volumes of 1% NaCl, followed by one volume of a 
pre-warmed medium without thymidine and resuspending in one volume of the same 
medium. Viability of cultures was measured by spotting 10 µl of serial dilutions (in 1% 
NaCl) of cultures on LB plates (supplemented with 10 µg/ml thymidine for thy mutants).  
Colonies formed at each spot were counted under the stereomicroscope after an overnight 
incubation of the plates at 22°C. 
 
Chemicals. 
 
KCN (Mallinckrodt) was used as a source of CN
–
; 1 M KCN stocks were prepared 
immediately before each experiment. DEA-NONOate (Sigma) is an NO donor with a 
half-life in water of 2 minutes; because of its short half-life, it was added as crystals 
directly to the bacterial culture. Bovine liver catalase (16 mg/ml) and hydrogen peroxide 
(30%) were also from Sigma; both were diluted to working stocks freshly for every 
experiment.  
 
Hydroxyurea preparation and treatment. 
 
We used interchangeably hydroxyurea from either Sigma, or Calbiochem, or MP 
Biomedicals, because we found no difference between them in our assays. The 1M stocks 
were prepared by dissolving HU crystals in sterile deionized water (we also tried HPLC-
grade water, with no difference) and were added to bacterial cultures to achieve the 
desired HU concentrations. "Fresh" HU was prepared immediately before use. 
Preparation of ―aged‖ HU went though several revisions to minimize inconsistencies 
(sometimes an ―aged‖ stock would show an effect and sometimes it would not (compare 
Figure 2.1.A versus 2.1.B., stock #1) before the protocol was established that made it 
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work all the time. Protocol #1: at first, ‗aging‖ HU stocks were prepared in regular glass 
bottles with tightened screw caps, dated and stored at 4°C for weeks and months. The 
results were highly inconsistent, suggesting that something was escaping from the bottles 
upon their opening. Protocol #2: to trap the suspected gas decomposition products, we 
began aging HU stocks in closed microfuge tubes for 1-2 days at 37°C, — this made 
results more reproducible. Protocol #3: to further reduce the inconsistency, we switched 
to aging HU in standard addition aliquots (80 µl) in glass tubes under a 3 mm layer of 
mineral oil (Sigma), adding bacterial cultures directly to such a tube. Mineral oil 
emulsifies upon shaking and does not interfere with subsequent culture growth. Protocol 
#4: alternatively, in cases when no direct addition to bacterial cultures was necessary 
(enzymatic reactions, GC-MS) HU aging was for 1 day at 37°C in a closed 1.5 ml 
microfuge tube under mineral oil.  
 
Measuring the rates of DNA synthesis by 
3
H-thyminidine incorporation. 
 
Cells (KKW59) were grown in M9CAA at 30°C until the exponential phase and treated 
with indicated concentrations of fresh HU.  At different times, 200 µl aliquots of the 
cultures being treated were mixed with an equal volume of M9CAA supplemented with 1 
µCi/ml of 
3
H-thymidine and were incubated at 37°C for 1 minute.  5 ml of ice-cold 5% 
TCA was then added to stop the reaction, and the TCA-killed cells were filtered through 
a 25 mm Fisher G6 glass fiber filter, using manifold, to remove the unincorporated label. 
The filters were washed with 5 ml of 5% TCA, followed by 5 ml of ethanol and drying. 
100 µl of 0.1 M KOH were deposited on each filter to quench the intrinsic fluorescence 
during subsequent counting. After drying, the filters were soaked in a scintillation 
cocktail overnight, and the counts were determined in the LS 6500 Beckman scintillation 
counter.  Counts were first normalized to OD600 taken at each time point, then to the 
CPM/OD600 of the initial value of each culture. 
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Measuring the rate of DNA synthesis by 
32
P-orthophosphate incorporation. 
 
Cells were grown in MOPS-minimal phosphate medium to ensure robust 
32
P-
orthophosphate incorporation.  Kinetics and extent of TLD is not changed in the MOPS-
minimal phosphate medium compared to M9 (not shown). Overnight cultures were 
diluted 100x and grown at 30°C to about OD600 = 0.1, then either thymidine was removed 
(from thyA mutants) by filtering and resuspending in thymidine-free medium (for TLD) 
or HU was added to thyA
+ 
cells.  All of the cultures from the same experiment were made 
to start with approximately the same OD600 so that the amount of cells at the beginning of 
each treatment was the same.  After addition of 40 µCi of 
32
P-orthophosphate to each 
culture, shaking of cultures at 30°C continued.  At indicated times, 150 µl aliquots were 
taken into microcentrifuge tubes, the cells were washed by pelleting and resuspending in 
150 µl of TE, and were finally resuspended in 60 µl of TE buffer and kept at 37°C.  Cells 
were converted into agarose plugs by adding 2.5 µl of 20 mg/ml proteinase K (NEB), 65 
µl of molten 1.5% agarose in 0.2x lysis buffer (1% sarcosine, 50 mM Tris-HCl (pH 8.0), 
25 mM EDTA), and transferring the mixture into a plug mold.  Plugs were incubated 
with 1x lysis buffer overnight at 60°C, and then with alkaline electrophoresis loading 
buffer (50 mM NaOH, 1 mM EDTA) at room temperature with shaking for 2 hours, then 
inserted into the well of the 1.1% alkaline agarose gel (made on 30 mM NaOH, 1 mM 
EDTA) which was run for 900 minutes (15 hours) at 1.5 V/cm.  The gel was then washed 
with 1M Tris-HCl pH 7.8 for 30 mins, vacuum-dried onto a piece of chromatography 
paper (Fisher) for 2 hours at 80°C and exposed to a PhosphorImager screen overnight for 
quantification.  
 
Since the top band at the gel origin does not disappear upon DNase treatment, only the 
chromosomal DNA band was used for quantification. The ―current interval‖ 
incorporation was calculated by subtracting cumulative incorporation until the previous 
time point from the cumulative incorporation at this time point. Then it was divided by 
the interval length (in hours) and, finally, normalized to the incorporation in the untreated 
control during the first 30 minutes, to obtain the relative rate of DNA synthesis.   
  
54 
Detection of chromosomal fragmentation by Pulsed-Field Gel Electrophoresis. 
 
Pulsed-field gel electrophoresis was run as before (Kouzminova, Rotman et al. 2004; 
Rotman and Kuzminov 2007) with some minor modifications: all strains were grown in 
M9CAA; overnight cultures were diluted 100x and were grown with 10 µCi of 
32
P-
orthophosphoric acid for 3 hours at 30°C; OD600 was taken to determine the volume of 
aliquots to be used so that, within the experiment, the cell mass per lane was the same for 
all samples;  2.5 µl of proteinase K (20 mg/ml) and 65 µl of 1.2% agarose in lysis buffer 
were added and mixed by pipetting before casting the suspension in the plug molds.  
 
Measuring mutation rates in HU treated cells. 
 
Independent cultures were shaken in M9CAA at 30°C till OD600 = 0.2. HU was added to 
80 mM, and shaking at 30°C continued for 2 hours, after which the cultures were spun 
down and resuspended in the same medium without HU. Cultures were then allowed to 
outgrow overnight to saturation.  Cultures were serially diluted in 1% NaCl for spotting 
on LB to obtain titer and were spread on LB + 100 µg/ml rifampicin plates to select for 
mutants.  Colonies were scored after 4 days of incubation at 22°C.  Untreated controls 
received the same handling except that water was added instead of HU.  To calculate 
mutation rates, the Lea and Coulson method of the medians, as explained by Rosche and 
Foster 
102
, was used.  The mutation rate = m/(1.44Nt) where m is the number of mutations 
per culture and Nt is the final number of cells in a culture. 
 
GC-MS Analysis. 
 
Gas chromatography was performed on Agilent 6890 gas chromatographer equipped with 
an Agilent 5973 mass selective detector and Agilent 7683B autosampler. Specific 
columns used are identified in figure legends. Perfluorotributylamine (PFTBA) was used 
to autotune the system daily. Operation of the MSD was in the electronimpact (EI) mode 
at 70 eV. While the injection temperature varied between 200°C and 300°C depending on 
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the specifics of the run, the interface temperature was always set to 250°C, and the ion 
source temperature was always adjusted to 230°C. The helium carrier gas (99.995% 
purity) was set at a constant flow rate between 1.3 and 3.5 ml min
-1
, depending on the 
specifics of the run. Mass spectra were evaluated using the HP Chemstation (Agilent, 
Palo Alto, CA) and AMDIS (NIST, Gaithersburg, MD) programs.  
 
Derivatization of HU for GC-MS. 
 
50 µl of 1 M stocks of HU and HA were prepared in water, then dried in a vacuum 
centrifuge. The 1:1 ratio of N-methy-N-(trimethylsilyl)-trifluoroacetamide (MSTFA) 
(Fluka) and pyridine were then added to the reaction and incubated at 40°C for 1 hour.  
Samples were stored at – 80°C until injection. 
 
H2O2 detection. 
 
The procedure followed the protocol of Seaver and Imlay 
103
, with modifications. In the 
presence of H2O2, horseradish peroxidase (HRP) (type II, from Sigma) oxidizes amplex 
red (AR) (Molecular Probes) to the fluorescent product resorufin. HU- or H2O2-treated 
bacterial cultures (KKW 59) were collected by centrifugation after 40 mins of treatment 
at 30°C, and the supernatant was recovered for the assay.  One milligram of AR was 
dissolved in 0.78 ml of DMSO, and 0.75 ml of this solution was then diluted into 18 ml 
of 50 mM potassium phosphate (pH 7.8) to generate a 200 µM stock solution. The bottle 
with this solution was wrapped in foil to shield it from light. HRP was dissolved in 
50 mM potassium phosphate (pH 7.8) to 0.02 mg/ml.  To measure H2O2, 0.45 ml of a 
sample (HU stocks or supernatant from cultures) was mixed with 0.25 ml of AR and 
0.25 ml of HRP stocks. Fluorescence was then measured in a Shimadzu RF Mini-150 
fluorometer and converted to H2O2 concentration using a calibration curve obtained from 
standard H2O2 serial dilutions after accounting for the background (value obtained from 
the reaction with water only was set to zero). 
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Inhibition of respiration in cells extracts. 
 
The procedure followed the protocol of Imlay and Fridovich 
104
, with modifications 
105
.  
Respiration rate was monitored spectrophotometrically by the oxidation of NADH by 
membrane vesicles that were inverted and could oxidize respiratory substrates and reduce 
O2 on the external surface.  The vesicles were obtained from 100 ml of wild type cells, 
grown in M9CAA and collected at mid-exponential phase, and were centrifuged and 
resuspend in 3 ml of cold 50 mM phosphate buffer (pH 7.8).  Cells were then lysed with a 
French press and centrifuged for 20 min at 17,000 x g at 4°C to remove cell debris.  
Vesicles were resuspended in 1.5 ml of cold phosphate buffer and kept on ice.  Assay was 
performed at 37°C in 50 mM phosphate buffer, 5 mM NADH (Sigma), containing the 
indicated concentrations of KCN and HU, with 100 µl of isolated vesicles.  NADH 
oxidation was monitored for 15 mins by the decrease in absorbance of NADH at 340 nm 
in the presence of KCN or HU using a Beckman DU 640 Spectrophotometer.  The 
kinetics of NADH oxidation reflects the activity of the terminal oxidases in the 
respiratory chain; the rate of respiration was obtained by the slope of the decreasing curve.  
The rate of respiration calculated from untreated vesicles was set to be 100% active, and 
the levels of respiration in all other samples were normalized accordingly. 
 
Differential Interference Contrast (DIC) microscopy. 
 
The procedure followed the protocol of Gut et al.(Gut, Prouty et al. 2008), with 
modifications. The 20 µl aliquots were removed from indicated cultures and fixed with 
4% formaldehyde (Sigma) for 30 min at 37 C followed by mounting on glass slides in 
20% glycerol (Sigma).  Differential Interference Contrast (DIC) microscopy images were 
collected using an Applied Precision assembled DeltaVision EpiFluorescence microscope 
containing an Olympus Plan Apo 100x oil objective with NA 1.42 and a working 
distance of 0.15 mm. The images were processed using SoftWoRX Explorer Suite 
(Issaquah, WA).   
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2.3. Results 
 
Aged versus fresh HU in killing and protection against TLD. 
 
In our conditions, the characteristic rapid loss of titer from TLD begins after 2 hours 
without thymidine (Figure 2.1.A.), so any loss of titer before 2 hours would be due to other 
toxic sources, while any reduced killing after 2 hours means alleviation of TLD. 
Morganroth and Hanawalt reported that 75 mM HU has no effect on TLD, whereas 200 
mM HU can relieve TLD (Morganroth and Hanawalt 2006). In contrast, we found that 80 
mM HU already offers protection against TLD, but only after an initial killing period that 
occurred well before the onset of TLD (Figure 2.1.A.).  HU at 200 mM had a similar effect 
(data not shown).  Surprisingly, HU stocks made on different dates showed significant 
variation in the extent of the initial bactericidal effect (Figure 2.1.A.). This killing by HU 
did not depend on thymine limitation in thyA mutants, as it was observed in Thy+ cells as 
well and was also inconsistent (compare Figure 2.1.A. versus 2.1.B., stock #1).  We 
suspected that this ―killing potential‖ accumulated in HU stocks during storage; consistent 
with possible changes, our ―aged‖ HU solutions change pH from 5.5 to 6.2.  
 
As mentioned in the introduction, with a few exceptions that specifically used only freshly-
made HU(Rosenkranz, Garro et al. 1966; el-Yazigi and al-Rawithi 1992), experimental 
reports of HU-treatment of cells do not give details of HU preparation or storage. We 
repeated our experiments by dissolving crystal HU in the growth medium (M9CAA) just 
before addition to bacterial cultures.  We found that such a freshly-prepared HU does not 
relieve TLD at any concentration tested (up to 400 mM), while showing a mildly 
bactericidal effect on Thy+ cells after longer incubations (Figure 2.1.C), the latter being 
consistent with the literature reports (Rosenkranz and Carr 1966; Rosenkranz, Garro et al. 
1966; Sinha and Snustad 1972).  To test if the discrepancy between our results and those of 
Morganroth and Hanawalt was due to the difference in the growth media (M9 or MOPS-
minimal-P versus Davis) or incubation temperatures (30°C versus 37°C), we repeated the 
experiment using their exact conditions.  Fresh HU in Davis Medium does alleviate TLD in 
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our hands, but only moderately (Figure 2.1.D.), which disagrees with the original report of 
complete protection (Morganroth and Hanawalt 2006).  Hence, under both growth 
conditions, freshly prepared HU at low or high concentration does not relieve TLD, but it 
also does not kill immediately. We also found that the cells treated with ―fresh‖ HU would 
continue to elongate (as was reported before (Rosenkranz, Garro et al. 1966)), whereas 
cells treated with ―aged‖ HU stop elongating (Figure 2.1.E.), suggesting that their 
metabolism was inhibited. We conclude that, in our case, only the HU preparations that 
stop the cell growth, and sometimes kill the cells, can protect against TLD. These 
killing/protecting characteristics of aged HU preparations suggested accumulation of toxic 
decomposition products in aqueous solutions of HU. Irreproducibility of our results 
suggested elusive (volatile) substances, forcing us to standardize HU aging conditions (see 
section 2.2. Materials and methods).   
 
Inhibition of DNA synthesis by HU versus TLD. 
 
Morganroth and Hanawalt measured DNA synthesis by following cumulative label 
incorporation and found that both 200 mM HU (that protected against TLD) and 75 mM 
HU (that failed to protect) inhibit DNA synthesis completely (Morganroth and Hanawalt 
2006). Therefore, these authors proposed that HU inhibits TLD because in the higher 
concentrations it can also inhibit RNA synthesis. Suspecting that aged HU would inhibit 
DNA synthesis stronger than fresh HU, we decided to measure DNA synthesis during 
HU inhibition more precisely, by following the rate of incorporation. The standard 
protocol of measuring 
3
H-thymidine incorporation over 1-2 minute intervals (Drlica, 
Engle et al. 1980; Kuzminov, Schabtach et al. 1994) showed that fresh HU-treated cells 
still retain around 20% of the DNA synthesis capacity of untreated cells (Figure 2.2.A.). 
However, for comparison of the inhibition of DNA synthesis by HU with the one during 
TLD, the standard protocol is unsuitable, for the following reason.  
 
Measurements of DNA synthesis inhibition during TLD is non-trivial, because the only 
DNA-specific label, (deoxy)thymidine, is also the nutrient for which thyA mutant cells 
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are starved, and its addition, even in small amounts, relieves starvation, making the 
resulting DNA synthesis rates misleadingly high. Thus, to detect true replication rates 
during thymine starvation, a different label has to be used, requiring additional separation 
(because it will not be a DNA-specific label). We chose 
32
P-orthophosphate, because we 
used it successfully for chromosomal DNA labeling (Kouzminova, Rotman et al. 2004; 
Kouzminova and Kuzminov 2006) and we can separate DNA from other phosphate-
incorporating species, like RNA, LPS and poly-phosphates (Amado and Kuzminov 
2009)(Figure 2.2.B.). There is a second complication of the standard protocol to measure 
DNA synthesis rates, this time for HU-treated cells. The DNA synthesis rate is 
normalized to O.D. of the culture, to enable comparison with untreated, growing cultures, 
but cells treated with fresh HU elongate, while cells treated with aged HU do not (Figure 
2.1.E.), invalidating the comparison. Thus, the measurements have to be taken from 
specific volume of HU-treated or thymidine-starving cultures independently of their 
actual OD and then normalized to the level of incorporation in equal volume of the 
untreated or unstarved aliquot of the same culture.  
 
Using such 
32
P-orthophosphate labeling, we found that 1) during the first 30 minutes of 
thymine starvation, the incorporation is only 10% of the unstarved culture; 2) 200 mM 
fresh HU inhibits replication to the same extent as TLD, while 80 mM fresh HU still 
allows 40% of replication compared to untreated cultures (Figure 2.2.C.). Therefore, the 
rate of DNA synthesis in fresh HU-treated cells was not low enough to block the residual 
DNA synthesis during TLD, explaining the failure of fresh HU to prevent TLD (Figure 
2.1.C.). In contrast, aged HU blocked DNA synthesis almost completely (Figure 2.2.C.), 
which was consistent with its protection against TLD (Figure 2.1.A.).  
 
The observed incomplete inhibition of DNA synthesis by fresh HU is consistent with the 
incomplete inhibition by HU of the ribonucleotide reductase activity in cell extracts, 
which does not exceed 70-80% (Elford 1968; Krakoff, Brown et al. 1968; Sinha and 
Snustad 1972). Moreover, the significant residual replication in HU-treated cells, if 
measured as the rate of DNA synthesis, was reported before (Rosenkranz, Jacobs et al. 
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1968; Sinha and Snustad 1972; Hill and Fangman 1973). Our result also shows that the 
DNA synthesis-inhibiting ability of HU does not disappear in aged stocks and is, in fact, 
enhanced. Finally, the observation that HU reduces DNA synthesis rates stably for up to 
several hours (Figure 2.2.A.) argues against a significant decomposition of HU in the 
presence of bacterial cells in the course of our experiments.  
 
DNA damage by HU. 
 
We next checked if the cell killing by aged HU is due to DNA damage. Although long 
incubation with HU are known to break both chromosomal DNA in E. coli cells 
(Rosenkranz, Jacobs et al. 1968), as well as pure DNA in solutions (Jacobs and 
Rosenkranz 1970), no loss of viability with fresh HU in our conditions argued for, at 
most, a minimal DNA damage that is efficiently repaired in wild type cells. To detect 
DNA damage upon treatments with fresh versus aged HU, we employed sensitive 
physical and genetic assays. First, since a small fraction of any DNA damage is converted 
by DNA replication into double-strand DNA breaks, the recA and recBC mutants that are 
deficient in repair of these replication-dependent one-ended double-strand breaks are 
rapidly killed by any DNA damage (reviewed in (Kuzminov and Stahl 2005)), offering a 
sensitive way to detect consequences of a broad spectrum of DNA lesions. We found that 
the recA and recBC mutants are moderately sensitive to acute treatments with fresh HU 
(Figure 2.3.A.), and quite sensitive to aged HU (Figure 2.3.B.). Although acute HU 
treatments of the rec mutants were never reported before, the sensitivity of the recA and 
recBC mutants to chronic HU treatments is known and can be explained by 
reversal/breakage of inhibited replication forks in combination with the inability of these 
mutants to repair resulting double-strand ends (Beam, Saveson et al. 2002; Guarino, 
Salguero et al. 2007). However, the increased killing of the recA and recBCD mutants by 
aged HU must have a different nature. Remarkably, the difference between the fresh 
versus aged HU killing (~100-fold) was the same for wild type cells and for both rec 
mutants (Figure 2.3.B.), suggesting that the additional killing is due to either a non-
repairable DNA damage (for example, replication-independent two-ended double-strand 
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breaks in the unreplicated portion of the chromosome) or due to a non-DNA damage to 
the cell.   
 
Two-ended double-strand breaks fragment chromosomal DNA, and HU treatment is a 
known clastogen (induces chromosomal fragmentation) (Guarino, Salguero et al. 2007). 
To test whether aged HU induces additional chromosomal fragmentation relative to fresh 
HU, we employed pulsed-field gels to detect broken chromosomal DNA. This assay 
showed that both fresh HU and aged HU cause increased chromosomal fragmentation, 
but to a different extent (Figure 2.3.C.).  In wild type cells, as well as in the recA and 
recBCD mutants, fresh HU caused a 3-8% increase in chromosomal fragmentation 
compared to the corresponding untreated controls, whereas aged HU increased 
fragmentation by 18-30% over untreated cells (Figure 2.3.C.).  Increased clastogenesis in 
fresh HU-treated cells was explained by the replication fork reversal model (Guarino, 
Salguero et al. 2007). The additional clastogenesis in aged HU-treated cells is consistent 
with much deeper inhibition of DNA replication by aged HU.  
 
As a control against the possibility that HU treatment damages DNA directly via DNA 
base modification (Sakano, Oikawa et al. 2001) we employed perhaps the most sensitive 
indicator of DNA base modification, which is increased mutagenesis. To this end, we 
measured the level of mutagenesis towards rifampicin resistance in fresh HU-treated 
versus aged HU-treated cells. Mutation rate was increased over the untreated control 3-
fold in fresh HU-treated cells and 9-fold in aged HU-treated cells (Figure 2.3.D.), 
suggesting increasing level of base modifications. Modified DNA bases are subject to 
excision by several DNA glycosylases, with the formation of the same toxic intermediate 
— the abasic site  — which is nicked by an abasic site endonuclease to complete the 
repair(Friedberg, Walker et al. 2006). E. coli has two abasic site endonucleases, 
exonuclease III and endonuclease IV, and the xthA nfo double mutant that lacks both is 
exquisitely sensitive to DNA base modifications, being poisoned by the accumulating 
abasic sites (Cunningham, Saporito et al. 1986). We found that the xthA nfo double 
mutant is unexpectedly sensitive to fresh HU (Figure 2.3.A.) and is ~100-fold more 
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sensitive to aged HU relative to fresh one (Figure 2.3.B.). Together with the mutagenesis 
data (Figure 2.3.D.), these xthA nfo results indicate that 1) treatment with fresh HU 
damages chromosomal DNA at least partially through direct modification of DNA bases, 
and this damage is removable by base-excision repair; 2) products of decomposition in 
HU solutions kill via a different route, perhaps via non-repairable DNA damage  — for 
example, by replication-independent two-ended double-strand breaks in the unreplicated 
portion of the chromosome. We conclude that fresh HU damages DNA directly, but non-
lethally for DNA-repair-proficient cells; meanwhile, at least part of the killing potential 
of aged HU is realized via increased lethal DNA damage, specifically chromosomal 
fragmentation.   
 
The concentration- and time-dependence of killing by HU. 
 
If HU kills by itself, this killing should be dependent on HU concentration. However, we 
found no correlation of the extent of xthA nfo killing and the concentration of fresh HU 
(Figure 2.4.A.), indicating that the killing capacity of fresh HU is already saturated in 40 
mM solutions. We did not explore lower concentrations of HU.  
 
To characterize the dynamics of killing, as well as to detect a possible generation of the 
DNA-damaging species in the course of our treatment, we took a time course of 
treatment with aged HU, comparing a wild type strain to the recA mutant.  We found that 
both the wild type and recA mutant cells significantly lose viability within the first 10 
minutes of exposure to aged HU (Figure 2.4.B.), with a slower decrease in titer 
afterwards. This may be due to several reasons: 1) the killing species are volatile 
(dissolved gasses) and rapidly escape from the cell suspension; 2) the killing species are 
titrated (inactivated) by the cells‘ inert component; 3) cells may become resistant to the 
killing species. Apparently, further accumulation of these species during the treatment is 
minimal, otherwise we would have observed a continuous killing. The absence of 
additional killing during bacterial culture incubation is also consistent with the idea that 
the species are volatile. The already mentioned evidence that also pointed towards 
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unstable or volatile species was the frustrating inconsistency of the killing extent with 
various aged HU preparations (Figure 2.1.A. and 2.1.B., also see 2.2. Materials and 
methods).  
 
We used the rapid killing by aged HU to explore the time course of HU ―aging‖ under 
mineral oil, which we started adding to inhibit the escape of possible gasses. It should be 
noted that mineral oil would only inhibit, without completely preventing, gas escape, and 
we specifically allowed the possibility (using non-air-tight tubes) and plenty of time for 
the gas to escape in this experiment — in part to indirectly confirm the presence of gasses. 
HU solutions starts killing after six hours at 37°C, with accumulation of the killing 
species maximal by one-two days of incubation, but then the killing potential of aged HU 
eventually decreases and completely disappears after ten days (Figure 2.4.C.), which is 
consistent with it being dependent on gasses.    
 
GC-MS demonstrates HCN and NO in aged HU. 
 
So far, our experiments on treating E. coli cells with stocks of HU of different age 
indicated generation of toxicants in HU solutions, among them possible gases that both 
kill cells via DNA damage and, at the same time, protect survivors against TLD, probably 
by inhibiting general metabolism. We tried to use liquid chromatography with mass 
spectrometry (LC-MS) to identify these toxicants in HU stock solutions, but the poor 
ionization of HU made identification of even HU itself difficult by this technique 
(besides, the lowest detection limit of our LC-MS machine was only m/z=50, while some 
decomposition products were expected to be smaller). We next tried several settings and 
conditions for gas chromatography (liquid-phase column) with mass spectrometry (GC-
MS), with better results (Figure 2.5.). However, when initially we used non-derivatized 
HU solutions and typical GC injection temperatures (300°C), we could not even detect 
HU in our samples. Instead, there were urea and cyanuric acid (Figure 2.5.A.) that were 
definitely forming during the heating of underivatized HU for GC-MS, because a 
sensitive indicator for cyanuric acid in solutions, melamine (detection limit 400 µM of 
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cyanuric acid in our hands), failed to precipitate any in our 1M HU stocks (not shown). 
When we lowered the injection temperature to 200°C, both urea and cyanuric acid 
disappeared, and now we could see a broad peak of HU, accompanied by a strong peak of 
hydroxylamine (Figure 2.5.B.) that, again, was likely to be an artifact of heating, as our 
subsequent experiments with boiling of HU stocks suggested (Figure 2.6.). To reduce the 
possibility of high-temperature artifacts, we derivatized HU with MSTFA (trimethylsilyl 
groups), but found formamide that was somehow non-derivatized (Figure 2.5.C.). Testing 
these various artifacts of thermal HU decomposition in our TLD assay showed that 80 
mM cyanuric acid had no effect (not shown), but the other two blocked TLD, either 
completely (formamide) or almost completely (hydroxyalamine) (Figure 2.5.D.). A 
scheme of how these artifacts of thermal HU instability could have formed is shown in 
Figure 2.5.E. Since all these species were found in both fresh and aged HU, and none of 
them was immediately toxic to E. coli, even if some of them were not artifacts, we 
deemed them irrelevant for the effects of aged HU on TLD.    
 
Since we suspected that aged HU toxicants were volatile, we then used GC-MS with a 
gas-detecting column. Indeed, we found two gases in the aged HU that were absent from 
fresh HU: hydrogen cyanide (HCN) (Figure 2.7.A.) and nitric oxide (NO) (Figure 2.7.C. 
and D., Figure 2.8 – 2.11.). Yet another gas, carbon dioxide (CO2), was present in both 
fresh and aged HU (Figure 2.7.A. and C.). Nitric oxide is the major product of enzymatic 
HU decomposition in vivo (King 2004), and its detection in minute amounts in HU 
stocks in vitro was not surprising. To confirm the presence of HCN and/or NO in aged 
HU stocks, we tested how treatment with fresh or aged HU inhibit respiration, which is 
sensitive to 10 µM NO or to 200 µM cyanide (Yu, Sato et al. 1997; Stevanin, Ioannidis et 
al. 2000). We found that fresh HU does not inhibit respiration in inverted vesicles, 
whereas aged HU does, at the level of inhibition of 100 µM cyanide (Figure 2.7.B), 
indicating the presence of cyanide and/or NO in aged HU. Since inhibition of E. coli 
respiration by NO is strong only in low oxygen pressure and is minimal under fully 
aerobic conditions (Yu, Sato et al. 1997; Stevanin, Ioannidis et al. 2000), the observed 
level of respiration inhibition could be mostly ascribed to cyanide. However, cyanide is 
  
65 
also known to greatly potentiate inhibition of respiration by NO (Stevanin, Ioannidis et al. 
2000), so we interpret this result to mean the presence of both cyanide and nitric oxide in 
aged HU preparations. By modifying gas chromatography conditions, we were eventually 
able to reliably separate the small NO peak from the dominant air peak (Figure 2.7.D., 
Figure 2.8. – 2.11.). At the same time, our attempts to directly detect cyanide in HU 
solutions with sensitive iron-based analytical color assays (formation of prussian blue) 
(Dunbar and Heintz 2007)were unsuccessful due to the formation of bright-magenta HU-
iron complexes (Kujundžić, Nigović et al. 2004); structurally, hydroxyurea is a close 
relative of hydroxamic acids, which are known siderophores (Miller 1989). 
 
Influence of decomposition products on TLD and bacterial survival. 
 
Thus, we have three sets of data, obtained by very different methodologies. First, using 
survival in bacterial cultures as a read-out, we characterized two distinct effects of aged 
HU (Figure 2.1.A. and B.): 1) rapid killing; 2) conferring resistance to TLD on surviving 
cells, probably by inhibiting general metabolism. Fresh HU does not have either effect 
(Figure 2.1.C. and D.). Second, using DNA-associated processes as a read-out (Figure 2.2. 
and 2.3.), we found that: 1) fresh HU moderately inhibits DNA synthesis and also 
damages DNA bases directly; 2) aged HU blocks DNA synthesis completely, perhaps 
through inhibition of respiration and, in addition to base damage, is also more clastogenic 
than fresh HU. Third, employing GC-MS, we found two gasses in aged HU solutions, — 
hydrogen cyanide and nitric oxide, — that were absent in freshly-made HU solutions 
(Figure 2.7).  
 
Next, we tested the effect of the two gasses on cells undergoing TLD. We confirmed that 
hydrogen cyanide does not kill E. coli and completely saves thyA mutants from TLD 
(Figure 2.12.A), as was reported before (Nakayama and Hanawalt 1975). NO has a 
similar static/protecting effect (Figure 2.12.A). The mixture of NO + CN, or addition of 
both NO and CN to fresh HU, did not kill either (Figure 2.12.A. or B.). We concluded 
that, by itself, accumulation of CN and NO in aqueous HU stocks upon storage could not 
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explain the bactericidal effect of aged HU; at least one more HU breakdown product was, 
apparently, escaping detection by GC-MS.  
 
Remarkably, addition of catalase (the enzyme that degrades hydrogen peroxide) to aged 
HU completely prevented the cell killing (Figure 2.12.C.). Although both cyanide and 
NO are bacteriostatic, they become strongly bactericidal if combined with otherwise 
mildly bactericidal concentrations of hydrogen peroxide ( (Imlay, Chin et al. 1988; 
Brunelli, Crow et al. 1995; Pacelli, Wink et al. 1995; Woodmansee and Imlay 2002; 
Woodmansee and Imlay 2003)and Figure 2.12.C.). By employing the HRP/AR assay, we 
detected peroxides in both aged HU stocks and especially in bacterial cell cultures treated 
with these stocks (Figure 2.12.D). Interestingly, we would not have been able to detect 
peroxides with GC-MS due to instability of these species at high temperatures.   
 
Since it was proposed that NO + H2O2 kills by the same mechanism as CN + H2O2 
(Woodmansee and Imlay 2003), we anticipated the same level of killing from the CN + 
H2O2 + NO three-component mixture. Unexpectedly, this three-component mixture killed 
bacterial cultures completely, to the level of detection (Figure 2.12.C), when added in 
certain order and above certain concentrations. Since cyanide is quite reactive, while NO 
and H2O2 are extremely reactive, it was not surprising to find that the killing power of the 
three-component mixture critically depended on the order of addition, with at least two 
combinations out of six total showing enhanced killing (Figure 2.12.E). We conclude that 
aged HU solutions are bactericidal due to slow decomposition to yield low amounts of 
peroxides, nitric oxide and hydrogen cyanide, the substances that, at these concentrations, 
are bacteriostatic on their own, but kill bacteria in pairwise combinations and especially 
as a combination of all three.    
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2.4. Discussion 
 
It is currently thought that hydroxyurea (HU) is essentially stable in aqueous solutions, 
does not modify DNA directly and have a single target in the cell, — the enzyme 
ribonucleotide reductase. However, by seeking to resolve a disagreement in the literature 
about whether HU, a specific and efficient inhibitor of DNA synthesis, saves E. coli cells 
from thymineless death in concentrations that do not significantly affect transcription 
(Rosenkranz, Garro et al. 1966; Morganroth and Hanawalt 2006), we unexpectedly found 
that:  
1) Even at the highest concentrations, HU allows significant residual DNA synthesis, 
which is at least the same as the level of synthesis in thymine-starved cells — this is 
probably why freshly-prepared HU has no influence on TLD;  
2) In addition to its indirect effect on DNA via inhibition of replication, treatments with 
both fresh and aged HU modify or remove DNA bases directly, and in some cases also 
break duplex DNA.  
3) There is decomposition in aqueous HU solutions, — as a result, aged HU solutions 
immediately kill most of the cells, with the surviving cells becoming resistant to TLD. 
GC-MS reveals two gasses, nitric oxide and hydrogen cyanide, in aged HU solutions. 
Enzymatic assays reveal peroxides that, due to their thermal instability, would be missed 
by GC-MS.  
4) Although CN, NO or H2O2 are bacteriostatic or modestly bactericidal by themselves, 
NO + H2O2, CN + H2O2 and especially CN + H2O2 + NO mixtures are strongly 
bactericidal, explaining both effects of aged HU on TLD.  
 
Does HU completely block DNA synthesis, or does it not?  
 
Our finding of significant levels of residual DNA synthesis in HU-treated cells may 
sound surprising, but in fact is in good agreement with the previous results. Indeed, if the 
overall DNA accumulation is followed, no new synthesis in the presence of HU is 
detected (Rosenkranz and Carr 1966; Rosenkranz, Garro et al. 1966; Sinha and Snustad 
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1972; Morganroth and Hanawalt 2006). In contrast, determination of the rate of DNA 
synthesis yields values that are only 3-6 times lower than the uninhibited ones 
((Rosenkranz, Jacobs et al. 1968; Sinha and Snustad 1972; Hill and Fangman 1973), our 
results). We propose that the latter values better reflect the actual situation, since HU 
inhibition of the ribonucleotide reductase activity in crude extracts is never complete 
(Elford 1968; Krakoff, Brown et al. 1968; Sinha and Snustad 1972). One could suspect 
that the reason for the residual DNA synthesis is the presence of an alternative, HU-
insensitive ribonucleotide reductases in the E. coli cells. E. coli has two HU-sensitive 
ribonucleotide reductases, NrdAB and NrdHIEF, and one HU-insensitive enzyme, 
NrdDG (Nordlund and Reichard 2006), but the latter enzyme works only anaerobically. 
Although the reason for the incomplete inhibition of the ribonucleotide reductase activity 
in the extracts of aerobically-growing cells is still unclear, the inefficiency of quenching 
of the tyrosyl radical in the enzyme active center due to a limited accessibility to HU 
(Karlsson, Sahlin et al. 1992; Sneeden and Loeb 2004) may play a role.  
 
What could be the reason for the discrepancy in determination of HU-inhibited DNA 
synthesis by cumulative incorporation versus the rate of incorporation? In (fresh) HU-
treated WT cells, degradation of chromosomal DNA is not observed (Rosenkranz, Garro 
et al. 1966) but HU-treated recA mutant cells degrade their DNA more than untreated 
cells (Shimada, Shibata et al. 1975).  It could be that, during HU treatment, while some 
DNA synthesis is going on, the stability of this newly-synthesized DNA is low, — hence, 
there is little cumulative DNA increase in cells treated with HU, in contrast to the still 
significant rate of DNA synthesis.  We conclude that the high residual rates of DNA 
synthesis invalidate the idea that HU treatment blocks DNA replication completely.   
  
Does HU treatment directly damage DNA bases?  
 
We interpret sensitivity of the xthA nfo double mutant to HU as indirect evidence that HU 
treatment modifies or removes DNA bases. The products of these two genes are, 
correspondingly, exonuclease III and endonuclease IV — the only known dedicated 
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abasic site endonucleases in E. coli (Friedberg, Walker et al. 2006). Nicking of abasic 
sites by these enzymes is a critical step in the base-excision repair that removes modified 
DNA bases. Sensitivity of the double xthA nfo mutant of E. coli to an agent in question is 
taken to mean that the agent modifies or removes DNA bases directly (Spek, Wright et al. 
2001). Sensitivity of the recA and recBC mutants to hydroxyurea is consistent with 
replication inhibition by the drug. However, the rapid loss of viability of the recA mutant 
to fresh HU (Figure 2.2.A) suggests that the DNA damaging species are present in 
solution right from the start, whereas HU is not continuously decomposing to re-generate 
these species (at least not in the ―right‖ order and proportion, critical for the killing 
(Figure 2.12.E)). This is also consistent with the constant inhibitory level of DNA 
synthesis offered by HU throughout the time course of the experiments.   
 
The only currently known metabolic effect of hydroxyurea (HU) is specific and efficient 
block of DNA synthesis due to poisoning of the nucleotide reductase and the resulting 
depletion of the DNA precursor pools (Young, Schochetman et al. 1967; Young, 
Schochetman et al. 1967; Elford 1968; Krakoff, Brown et al. 1968; Sinha and Snustad 
1972; Reichard and Ehrenberg 1983; Yarbro 1992). The complete reversibility of this 
block 
4
 dovetails with the reported bacteriostatic nature of HU treatment during the first 
several hours (Rosenkranz, Garro et al. 1966; Sinha and Snustad 1972). However, longer 
treatments with HU were found to be bactericidal (Rosenkranz and Carr 1966; Sinha and 
Snustad 1972), prompting Rosenkranz and colleagues to question ribonucleotide 
reductase as the only target of HU and to propose an alternative target, chromosomal 
DNA (Rosenkranz, Jacobs et al. 1968). Rosenkranz indeed found that HU breaks pure 
DNA in solutions upon co-incubation at elevated temperatures, most likely by producing 
intermediate reactive species, like carbamoyloxyurea (Jacobs and Rosenkranz 1970; 
Rosenkranz 1970). Although pure carbamoyloxyurea kills E. coli faster than HU, this 
killing is still too gradual (Rosenkranz 1970) to explain the immediate bactericidal effects 
of aged HU that we observed in this study.  
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In contrast to the prolonged treatments, killing by fresh HU in acute treatments, like the 
one we observed in recA, recBC and xthA nfo mutants, has never been reported before. 
The recA, recB, recG and ruv mutants, defective in double-strand break repair, were 
shown to be more sensitive to low concentrations of HU during chronic treatments on 
plates (although see 
62
 for an exception), which was taken as the consequence of the 
inability to maintain inhibited replication forks (Beam, Saveson et al. 2002; Guarino, 
Salguero et al. 2007). Inhibited replication forks can reverse, turning into Holliday 
junctions, with subsequent (hypothesized) replication fork breakage via Holliday junction 
resolution by RuvABC resolvasome (Michel, Grompone et al. 2004). Indeed, both 
chromosomal fragmentation in, and killing of, HU-treated recB mutant cells are 
suppressed by inactivation of the RuvABC resolvasome, supporting the replication fork 
reversal mechanism (Guarino, Salguero et al. 2007). For the cells to survive fork reversal 
and breakage, disintegrated replication forks need to be reassembled by recombinational 
repair (Kuzminov 1995; Michel, Grompone et al. 2004), and the sensitivity of recA and 
recBC mutants to acute treatments with HU ((Shimada, Shibata et al. 1975; Guarino, 
Salguero et al. 2007), this work) supports this scenario. However, our finding that the 
base-excision repair-deficient mutant xthA nfo is also sensitive to fresh HU challenges the 
idea that the sensitivity of the rec mutants to HU is exclusively due to replication fork 
reversal with subsequent breakage and suggests that HU damages or removes DNA bases 
directly. Interestingly, there is a recent in vitro evidence of direct DNA damage by HU 
(Sakano, Oikawa et al. 2001). The resistance of WT cells to fresh HU indicates that these 
DNA lesions are well-repaired. Separately and contrary to the claim in a single previous 
report (Ishii and Kondo 1975), we found that the recA mutants are exquisitely sensitive to 
hydroxylamine (not shown), a major HU decomposition product in vivo; this result could 
have been expected, since hydroxylamine is widely used as an in vitro mutagen and 
modifies DNA bases directly.  
 
 
 
 
  
71 
Instability of HU in aqueous solutions for medical use. 
 
HU is therapeutically potent and is a drug of choice against myeloproliferative disorders  
(Rice and Baker 2006) and painful crises in sickle cell anemia (Lanzkron, Strouse et al. 
2008). HU also shows promise against recurrent and inoperable meningiomas (Newton, 
Scott et al. 2004) and as an addition to anti-AIDS cocktails (Lori, Foli et al. 2005). Since 
HU blocks eukaryotic cells in G1, and G1 cells are more sensitive to DNA damage 
compared to S- or G2-cells, HU acts as a classic ―radiation enhancer‖ during radiotherapy 
(Schilsky 1992). HU was also used to maintain normal white blood cell counts during 
chronic myeloid leukemias before modern specific enzyme-targeting treatments appeared 
(Frame 2006). HU use in treatment of diverse medical conditions lacking common 
denominator emphasizes incompleteness of our understanding of the mechanisms of 
action of this drug. Studies aimed at finding ―the active species‖ among HU 
decomposition products are quite common (Fishbein and Carbone 1963; Rosenkranz 
1970; Jiang, Jordan et al. 1997; Sakano, Oikawa et al. 2001; King 2004). 
 
It is currently unclear whether HCN, NO and peroxides are the products of limited 
decomposition of HU itself or of impurities in HU preparations. Our finding of these 
additional species in aqueous HU solutions should not be that surprising considering the 
ease of enzymatic breakdown of HU in vivo. In the human body, several enzymes are 
known to act on HU to produce hydroxylamine, nitroxyl (HNO) and nitric oxide (NO) 
(King 2004). In fact, at one point it was suggested that the mode of HU‘s therapeutic 
action is via its hydrolysis to hydroxylamine (Fishbein and Carbone 1963), but now NO 
has taken the lead as the most potent HU-breakdown product in the human body (King 
2004). In contrast to the in vivo situation, HU is considered to be essentially stable in 
neutral aqueous solutions (Fishbein, Winter et al. 1965; Heeney, Whorton et al. 2004; 
King 2004), although there is anecdotal evidence to the contrary (el-Yazigi and al-
Rawithi 1992), especially at elevated temperatures (Jacobs and Rosenkranz 1970), 
sometimes with outcomes as dramatic as industrial explosions (Lunghi, Aloni et al. 2002). 
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The belief about HU stability in vitro is reflected in the fact that most publications 
dealing with HU do not even mention how HU solutions were prepared and stored.  
 
With the help of GC-MS, we found hydrogen cyanide and nitric oxide in aging HU 
solutions. We also found urea, cyanuric acid, formamide, carbon dioxide and 
hydroxylamine, but they all appear to be products of thermal decomposition of HU 
during subsequent gas chromatography, rather than of HU aging per se. It is interesting to 
note that NO, CO2, formamide and hydroxylamine are all generated during enzymatic 
HU decomposition in vivo (King 2004). The finding of  CN, NO and peroxides in 
aqueous solutions of HU should be an important consideration when HU is infused 
intravenously using pre-made aqueous solutions, which are stored before use for up to 
one week (Blumenreich, Kellihan et al. 1993; Smith, Vaughan et al. 1993; Newman, 
Carroll et al. 1997; Kaubisch, Kaleya et al. 2004; Swinnen, Rankin et al. 2008) or are 
prepared beforehand as liquid formulation for infants (Heeney, Whorton et al. 2004).  
 
The bactericidal power of the CN + H2O2 + NO mixture. 
 
Our original observation of the bactericidal effect of aged HU can be understood in terms 
of the known enhanced bacterial killing by either NO + H2O2 (Brunelli, Crow et al. 1995; 
Pacelli, Wink et al. 1995; Woodmansee and Imlay 2003) or by KCN + H2O2 (Imlay, Chin 
et al. 1988; Woodmansee and Imlay 2002), although we do not currently know the 
source(s) and the nature of the peroxide(s) in aged HU — whether this is just hydrogen 
peroxide or some HU-based peroxides. It was assumed that the two pairs of substances 
(NO + H2O2 and KCN + H2O2) kill bacteria by the same mechanism, via increasing 
availability of electron donors and thus promoting the Fenton reaction via reduction of 
the free intracellular iron (Imlay, Chin et al. 1988; Woodmansee and Imlay 2002; 
Woodmansee and Imlay 2003), so our finding that the two mechanisms act 
synergistically may seem surprising. However, by themselves, both nitric oxide or 
hydrogen cyanide in our conditions will inhibit respiration only partially (reflecting 
intermediate bactericidal potency — Figure 2.12.) — nitric oxide due to the fully aerobic 
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conditions, hydrogen cyanide due to the relatively low concentrations (Stevanin, 
Ioannidis et al. 2000). On the other hand, these concentrations of hydrogen cyanide are 
known to greatly potentiate respiration inhibition by NO in fully aerobic conditions 
(Stevanin, Ioannidis et al. 2000), providing a possible explanation to the observed 
synergistic killing (Figure 2.12.).   
 
Our finding that NO and HCN complement each other in potentiating the bactericidal 
power of peroxides may have the real life counterpart in operation of the immune system. 
Currently, phagocytic immune cells are known to employ only NO + H2O2 bactericidal 
mechanism (Hampton, Kettle et al. 1998; Vazquez-Torres and Fang 2001). In this respect 
it is interesting to note that neutrophils, which are the major antimicrobial phagocytes, are 
known to induce production of hydrogen cyanide from the relatively abundant serum 
thiocyanate in response to antigenic activation in general (Graham, Whitehouse et al. 
2008) and to bacteria in particular (Zgiczynski and Stelmaszynska 1979; Stelmaszynska 
1985; Stelmaszynska 1986; But, Murav'ev et al. 2002). The neutrophil enzyme involved 
in this production, myeloperoxidase, is better known for its conversion of thiocyanate 
into hypothiocyanite (OSCN-) (Thomas and Fishman 1986; Furtmuller, Burner et al. 
1998), another bactericidal agent. Thus, we speculate that the human immune system 
could use both NO and HCN to synergistically potentiate bactericidal effects of peroxides. 
  
Could HU decomposition products contribute to its therapeutic potency?  
 
Our finding of hydrogen cyanide and nitric oxide in HU solutions may be also relevant 
for the current medical use of HU to relieve symptoms associated with sickle cell anemia 
(Lanzkron, Strouse et al. 2008). HU reduces the frequency of the painful episodes and the 
acute chest syndrome in sickle cell anemia patients, yet the therapeutic basis of its action 
is still unclear (Charache, Terrin et al. 1995). Painful episodes during sickle-cell anemia 
are caused by polymerization of the mutant hemoglobin inside erythrocytes, which 
dramatically reduces their plasticity while increasing adhesion to the walls of blood 
vessel — the combination that results in blood vessel occlusion. Anti-sickling agents, 
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decreasing this blood vessel clogging, belong to four distinct classes depending on their 
target. The first class acts at the gene level, stimulating the production of the fetal 
hemoglobin, which decreases polymerization of the sickle hemoglobin. The second class 
modifies the red cell membrane to increase the volume of erythrocytes, keeping sickle 
hemoglobin more dilute. The third class is vasodilators that transiently open up blood 
vessels. Finally, the fourth class covalently modifies the sickle hemoglobin protein itself, 
reducing its polymerization. HU was always considered to be an example of class I agent, 
because it does increase the production of fetal hemoglobin (Charache 1990); 
surprisingly however, its anti-sickling effect was found to be poorly correlated with the 
level of fetal hemoglobin expression (Charache 1997). In addition, HU was found to also 
increase the volume of erythrocytes (Charache 1997), apparently acting as a class II agent. 
Our finding of nitric oxide in HU solutions, and, even more importantly, ready enzymatic 
conversion of HU into nitric oxide in the organism (King 2004) positions HU as a class 
III agent, via generation of a known vasodilator (NO) (Jiang, Jordan et al. 1997). Finally, 
our finding of hydrogen cyanide in HU solutions suggests that HU can also act as a class 
IV agent.    
   
Human body readily detoxifies small amounts of cyanide by converting it into an 
essentially inert thiocyanate with the help of rhodanese enzyme of liver (reviewed in 
(Faust 1994; Simeonova and Fishbein 2004)). Although the effect of thiocyanate on 
sickle-cell anemia was never addressed systematically, anecdotal evidence indicates that 
thiocyanate has a dramatic anti-sickling effect in patients (Torrance and Schnabel 1932) 
and a pronounced ameliorating effect on the sickle erythrocytes in vitro (Malomo and 
Oyewole 2008; Oyewole 2008). There is also a compelling evidence of much lower 
incidents of development of the sickle cell anemia and a decreased severity of the disease 
in parts of Africa where people maintain a traditional African diet rich in thyiocyanate-
generating nitrilosides (Houston 1973; Houston 1974; Agbai 1986) (although see 
(Lambotte 1974)). Finally, a chemically related compound, cyanate, was at one time a 
promising treatment for sickle cell anemia (Gillette, Manning et al. 1971; Cerami, Allen 
et al. 1973), because the resulting carbamylation of sickle hemoglobin prevents its 
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polymerization (Cerami and Manning 1971). Importantly, chronic sublethal dietary 
ingestion of cyanide increases both the levels of serum thiocyanate and carbamylated 
hemoglobin in the animal model (Jackson, Oseguera et al. 1988).  All this allows us to 
speculate that HU, via cyanide and thiocyanate, modifies the sickle hemoglobin directly. 
If HU indeed covalently modifies sickle hemoglobin, better agents for this reaction (for 
example, thiocyanate) should be tested.   
 
 
2.5. Conclusions 
 
Returning to the original question that initiated this project, our results made the previous 
studies of TLD using HU inconclusive, since one cannot be sure now that the only effect 
of HU is direct DNA synthesis inhibition via block to DNA precursor synthesis. First, it 
is likely that the 30% rate of DNA synthesis during HU inhibition is still enough for 
DNA damage via replication to occur during TLD. Moreover, in contrast to common 
belief, our study indicates that even fresh HU directly damages DNA, while aged HU 
induces additional double-strand DNA breaks. Both DNA lesions cause cellular 
responses that may interfere with thymine starvation.  In summary, it is too early to 
conclude that DNA replication does not play a role in TLD. Separately, it is important to 
consider the elusive yet potent toxicants in HU solutions during therapeutic use.   
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2.6. Figures 
 
 
Figure 2.1.  Aged versus fresh HU in killing and protection against TLD.  
 
A. Changes in the titer of the thyA mutant (KKW 58) incubated without thymidine in the M9CAA 
medium. Thymidine was removed at time 0 and, where indicated, HU was added to 80 mM from 
HU stock solutions.  Stock #1 (3.3 M in water) was 5 months old, stock #2 (2.2 M in water) was 3 
months old, while stock #3 (1 M in M9CAA medium) was 48 hours old. 
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Figure 2.1. (cont.) 
 
B. Changes in the titer of the wild type control (KKW 59). Cells were processed exactly as in ―A‖, 
but on a different day.  
 
C. Freshly prepared HU offers minimal protection against TLD, but does not immediately kill 
either. Method as in ―A‖. Thy+, KKW 59; thyA, KKW 58.   
 
D. The effect of fresh HU on TLD in Morganroth and Hanawalt (2006) conditions. Cells were 
grown in Davis minimal medium at 37°C. Fresh hydroxyurea was used in the final concentrations 
indicated.  
 
E. Microscopic images of cells, treated with either fresh or aged 80 mM HU, for either one hour or 
overnight. The scale bar is 5 µM. 
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Figure 2.2. Inhibition of DNA synthesis by fresh versus aged HU in ThyA
+
 cells (KKW 59) and 
during TLD in thyA mutants (KKW 58). 
   
A. Inhibition of DNA synthesis by fresh HU, measured by thymidine incorporation. The data 
points are averages of two independent measurements. The tdk mutant (KKW23), unable to 
utilize thymidine for DNA incorporation (the negative control) showed no incorporation over the 
background (not shown).  
 
B. Alkaline agarose gel to measure DNA synthesis in cultures growing in the presence of various 
preparations of HU by 30 minute 
32
P-orthophosphate incorporation. The combined signal from 
the DNA band plus origin is quantified by PhosphorImager.  
 
C. 30 minute 
32
P-orthophosphate incorporation into the chromosomal DNA, detected as in ―B‖, in 
thymidine-starved ∆thyA mutant (KKW 58) or in its Thy+ counterpart (KKW59), normalized to 
untreated or unstarved cultures. The data points are averages of two-to-seven independent 
measurements ± SE. 
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Figure 2.3. DNA damage by 80 mM hydroxyurea. Wild type, KKW59; ∆recA , KKW60, 
∆recBCD, KKW62,  xthA nfo, RPC 501.  
 
A. Time course of the sensitivity of DNA repair mutants to fresh HU. The values are averages of 
three independent measurements conducted on different days.  
 
B. Sensitivity of wild type cells and DNA repair mutants to fresh versus aged HU. The method 
was essentially as in ―A‖, but the time of treatment was fixed at 1 hour. The values are averages 
of five independent measurements conducted on different days ± SE. 
 
C. Chromosomal fragmentation in untreated and HU-treated cells, as measured by pulsed-field 
gel electrophoresis. The data are averages of two independent measurements.  
 
D. Mutation rate to Rifampicin-resistance in untreated and HU-treated cells (KKW59). The rate 
was determined from the median mutant numbers from 11-culture sets.  
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Figure 2.4. The concentration- and time-dependence of killing by HU and kinetics of HU aging.  
 
A.  Concentration-dependence of HU-killing. The titer of growing cultures of the indicated 
genotype was determined by serial dilution of aliquots with 1 % NaCl and plating on LB, and 
then the cultures were continued being incubated with aeration at 30°C, with various 
concentrations of fresh HU or without the drug, for 1 hour, after which the titer was again 
measured, as above, and normalized to the original titer. 
 
B.  Time course of killing by aged HU.  After taking an aliquot for titer at time 0 hour, HU from 
―aged‖ 1 M stock was added into the culture so that the final HU concentration was 80 mM.  
Aged HU was prepared in water as 1 M stock (protocol #1) and was 3 months aged at the time of 
experiment.  Cultures were then kept at 30°C with aeration, and at the indicated times 30 µl of 
cultures were aliquotted and kept on ice until plating. Titer counts were normalized to the initial 
count at time 0 hour (right before HU were added). 
 
C. Kinetics of HU aging under oil. HU was aged for the indicated amount of time at 37°C in 
loosely-capped tubes under oil, and aliquots of the same bacterial culture of wild type cells 
(KKW59) were mixed with these HU stocks of various age to give the final concentration of 80 
mM and shaken at 30°C for 20 minutes. The titer of the treated cultures was then normalized to 
the untreated control. The values are averages of two or three independent measurements.   
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Figure 2.5.  High temperature hydroxyurea decomposition, as detected by GC-MS using liquid-
phase columns.  
 
A. GC-MS of underivatized HU under the standard GC conditions. Parameters. Sample (5 L) 
was injected splitless into a 30 m HP-1MS column (0.25 mm I.D. and 0.25 m film thickness) 
(Agilent Inc, Palo Alto, CA, USA) with an injection temperature of 300°C. The oven temperature 
program was 80°C (5 min) which was increased by a rate of 40°C/min to 310°C. Data were 
acquired in the scanning mode in the 50-800 m/z scan range.  
 
B. GC-MS of underivatized HU under lower volatilization temperature. Parameters. Sample (2 
L) was injected splitless into a 30 m DB-5 column (0.32 mm I.D. and 0.25 m film thickness) 
(Agilent Inc, Palo Alto, CA, USA) with an injection temperature of 200°C. The oven temperature 
program was 40°C (5 min), increased by a rate of 10°C/min to 320°C. Data were acquired in the 
scanning mode in the 15-500 m/z scan range. 
 
C. Formamide in methylated HU. Parameters. Prior to GC/MS, dried samples were derivatized 
for 30 min at room temperature with 1:2 Methanol and (trimethylsilyl) diazomethane, 2.0 M in 
hexane (Sigma).   
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Figure 2.5. (cont.) 
 
Sample (5 L) was injected splitless into a 30 m Phenomen ZB-WAX plus polar column (0.25 
mm I.D. and 0.25 m film thickness) (Phenomenex, Torrance, CA, USA) with an injection 
temperature of 250°C.  The oven temperature program was 140°C (5 min), increased by a rate of 
20°C/min to 260°C. Data were acquired in the scanning mode in the 25-500 m/z scan range.  
 
D. Influence of high temperature HU decomposition products on survival and TLD. The 
indicated concentrations of fresh HU or its putative decomposition products were added to the 
thyA mutant cells incubated in the growth medium without thymidine. ―No treatment‖ indicates 
that no addition was made (= normal TLD).  
 
E. Possible pathways of high temperature hydroxyurea decomposition, leading to the products, 
detected by GC-MS using liquid-phase columns.  
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Figure 2.6. Detection of hydroxylamine in derivatized HU. Trimethylsilyl derivatization was 
used. The HA peak in either fresh HU (the blue profile) or aged HU (the red profile) is almost 
non-detectable, but becomes measurable if, prior to derivatization, HU sample is boiled for two 
minutes (the black profile). The dominant tris(trimethylsilyl)HU peak is also indicated, although 
no m/z confirmation spectrum is shown in this case.  
 
Parameters. Prior to GC/MS, dried samples were derivatized for 40 min at 60°C with 50 µl 
MSTFA (Fluka).  Sample volume of 1 L were injected split into a 30 m HP-1MS column (0.25 
mm I.D. and 0.25 m film thickness) (Agilent Inc, Palo Alto, CA, USA) with an injection 
temperature of 250°C. The oven temperature program was 70°C (5 min), increased by a rate of 
5°C/min to 200°C. Data were acquired in the scanning mode in the 25-800 m/z scan range.  
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Figure 2.7. Detection of hydrogen cyanide (HCN) and nitric oxide (NO) in aged HU by GC-MS 
with the gas-specific column.  
 
A. Total ion profile from the gas-specific column reveals HCN. The first three peaks, both in 
fresh and in aged HU, from left to right are: 1) air (the smallest one), 2) carbon dioxide, for which 
the m/z spectrum is shown on the lower right, 3) water (the dominant peak). The HCN peak is 
present only in aged HU (the m/z spectrum on the upper right).  
 
B. Aged HU inhibits respiration. Respiration was monitored as oxidation of NADH by membrane 
vesicles.  As a positive control for respiration inhibition, various concentrations of KCN were 
also used in the same assay.  
 
C. Traces of NO (m/z=30) in the air peak. Parameters were exactly like in ―A‖.  
 
D. Separation of NO peak from the air peak by a gas-specific column. HU was prepared as a 1M 
stock and aged under oil for 1 day at 37°C.   
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Figure 2.8. Selected ion analysis for m/z=30 of the fresh and aged HU profiles (Figure 2.7.C) 
reveals a small peak of nitric oxide in aged HU. The second (sharp) m/z=30 peak is from 
―decomposition signature‖ of nitrous oxide (N2O, m/z=44), present equally in both fresh and aged 
HU (visible as a bump to the right of the carbon dioxide peak in Figure 2.7.C).      
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Figure 2.9. Separation of NO peak from the air peak by a modified gas-specific column.  
Version #1.  
 
The aged HU run is compared to NO standard run in the same column. The m/z profiles show 
that the NO peak from HU is heavily contaminated by ―air‖. The dominant carbon dioxide peak is 
also identified on the right. Parameters were exactly like in Figure 2.7.D.  
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Figure 2.10. Separation of NO peak from the air peak by a modified gas-specific column. 
Version #2.  
 
The inset in the top left corner shows the paired profiles of the nitric oxide standard and an aged 
HU sample in the air peak area. A higher resolution of the HU profile in this area reveals a small, 
but separate, peak of NO (again, cross-contaminated by the dominant air peak). Parameters were 
exactly like in Figure 2.7.D. 
  
88 
 
 
Figure 2.11. Separation of NO peak from the air peak by a modified gas-specific column. 
Version #3.  
 
Hu was prepared as a 1M stock and aged under oil for 1 day at 37°C. Parameters were exactly 
like in Figure 2.7.D. 
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Figure 2.12. The effect of HCN and/or NO on bacteria, and detection of H2O2 in aged HU.  
 
A. Influence of NO or KCN on TLD. The indicated concentrations of fresh HU, KCN or DEA-
NONOate were added to the thyA mutant cells incubated in the growth medium without 
thymidine.  
 
B. CN, NO or their mixture do not kill. Incubation was for 1 hour. Concentrations used: HU, 80 
mM; CN (KCN), 10 mM; NO (DEA-NONOate), 10 mM.  
 
C. CN or NO kill in the presence of H2O2. As in ―B‖, but H2O2 concentration was 2 mM, and 
~290 units of catalase (cat) was added where indicated. Shown in the same scale as ―B‖ to 
facilitate comparison.   
 
D. Measurement of the peroxide concentration by the HRP/AR assay, either in HU stocks, or in 
supernatants of bacterial cultures, treated for 40 minutes.  
 
E. The effect of the order of addition of DEA-NONOate, KCN and H2O2 to the bacterial 
culture on the cell survival. The method was as in ―B‖, except that the three substances were 
aliquotted into individual glass tubes, and then bacterial cultures were added to them 
consecutively and transferred from tube to tube in the indicated order.  
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Figure 2.13. A possible explanation for the synergistic killing of bacteria by  CN + H2O2 + NO 
mixture. Hydrogen peroxide kills (thin arrow) by generating hydroxyl radicals (HO·) via 
interaction with reduced iron (Fe
2+
). Inhibition of respiration is proposed to stimulate formation 
of Fe
2+
 (Woodmansee and Imlay 2002; Woodmansee and Imlay 2003). Either nitric oxide (NO) 
or hydrogen cyanide (HCN) inhibit respiration, but only partially (NO — due to our fully aerobic 
conditions, while inhibition by HCN is generally inefficient (Yu, Sato et al. 1997; Stevanin, 
Ioannidis et al. 2000)). Thus, enhanced killing by hydrogen peroxide (thicker arrow in the 
middle). However, together NO + HCN inhibit respiration synergistically (Stevanin, Ioannidis et 
al. 2000), which, we propose, causes the synergistic killing of bacteria in the tri-component 
mixture with hydrogen peroxide (the thick arrow).    
 
  
91 
CHAPTER THREE 
 
Stalled Replication Fork Repair and Misrepair during 
Thymineless Death in Escherichia coli 
Published as Kuong, K.J. and A. Kuzminov 2010 Genes Cells 15(6):619-634 
 
3.1. Introduction 
 
In Chapter 3 we are addressing the nature of the connection between recombinational 
repair and TLD.  The unique toxicity of dTTP starvation was discovered more than five 
decades ago in thymidylate synthase-deficient E. coli and was called ―thymineless death‖ 
(TLD) (Cohen and Barner 1954)(also see section 1.1.).  Thymidylate synthase inhibitors 
are used to treat a variety of conditions, from bacterial infections to cancer (van Triest 
and Peters 1999) (Chernyshev, Fleischmann et al. 2007) (also see section 1.2.). Early on 
it was shown that only cells with replicating chromosomes are susceptible to TLD, 
implicating replication in the dTTP starvation-caused chromosomal damage (Maaloe and 
Hanawalt 1961). Yet, the toxic mechanisms behind dTTP starvation are still debated, 
reflecting both their complicated nature and disagreement among results from different 
experimental systems and laboratories (Kunz 1982; Ahmad, Kirk et al. 1998; Ladner 
2001; Nakayama 2005). Especially intriguing are the roles various recombinational repair 
activities play during TLD, as some of them help, others are clearly toxic, while the most 
central players, RecA in bacteria and Rad51 in eukaryotes, appear to have no role at all 
(Kunz and Haynes 1982; Ahmad, Kirk et al. 1998). Recombinational repair has two 
branches — one mending blocked single-strand gaps, the other mending double-strand 
breaks (Kuzminov 1999). Interestingly, inactivation of the single-strand gap-mending 
branch of recombinational repair increases resistance to TLD, while inactivation of the 
double-strand break-mending branch makes cells sensitive to it (Kunz and Haynes 1982; 
Ahmad, Kirk et al. 1998). However, the lack of effect of the recA defect (Cummings and 
Mondale 1967; Anderson and Barbour 1973; Nakayama, Nakayama et al. 1982), which 
  
92 
inactivates the critical step in recombinational repair, questions the involvement of 
homologous strand exchange in TLD, which still leaves a possibility that other functions 
of Rec proteins are involved, like linear DNA degradation by RecBCD or single-strand 
DNA binding by RecFOR.  
 
This variety of confusing and frequently contradictory results leaves TLD without an 
established mechanism; instead, several possibilities are suggested, which have common 
elements. A consensus that fits experimental data best starts with incorporation of wrong 
nucleotides into DNA in place of missing thymine, with subsequent futile excision cycles 
(with the decreasing DNA synthesis capacity) causing enlargement of single-strand gaps 
in both DNA strands (Breitman, Maury et al. 1972; Kunz and Haynes 1982; Ahmad, Kirk 
et al. 1998; Ladner 2001; Nakayama 2005) (Figure 1.5.A.—>D.). At this point, 
individual proposals go their own ways. Some postulate that futile excision cycles kill by 
themselves (Ladner 2001); some other propose that persistent single-strand gaps trigger 
formation of branched DNA species, which are the ultimate toxic products of 
recombination (Nakayama, Kusano et al. 1994; Ahmad, Kirk et al. 1998; Nakayama 2005) 
(Figure 1.4.E.). The third type of proposals notes that the widening single-strand gaps in 
opposite DNA strands may eventually overlap, leading to double-strand breaks, which 
are lethal (Kunz and Haynes 1982; Ahmad, Kirk et al. 1998) (Figure 1.5.F.). However, it 
should be stressed that experimental support for any of the three ideas is either weak or 
non-existent, as exemplified by the conflicting data on TLD-induced double-strand 
breaks in E. coli (Yoshinaga 1973; Guarino, Salguero et al. 2007). 
 
A recent conceptual advance — the finding that inhibition of DNA synthesis triggers 
processing of stalled replication forks by the recombinational repair enzymes, sometimes 
to the detriment of the cell (Michel, Boubakri et al. 2007), — argues for a different 
scenario of what could be happening in cells with inadequate dTTP supply. Since 
processing of stalled replication forks by recombinational repair functions fragments the 
chromosome, we would like to propose that TLD is a direct result of replication fork 
stalling, followed by improper processing by recombinational repair leading to 
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irreparable chromosomal lesions (Fig. 1.5. G—>I).  The difference from the previous 
explanations is that no incorporation of wrong nucleotides and no futile excision cycles 
with widening single-strand gaps away from replication forks are required to explain 
TLD; rather, the toxic action happens at the inhibited replication forks themselves.  
 
Although the effect on TLD of mutations in a few important recombinational repair genes 
were reported for decades, these data were scattered across different studies using 
different strains and growth conditions, making it close to impossible to make 
quantitative comparisons between the effects of different recombinational repair players 
on TLD.  Most studies were done before the crystallization of the current understanding 
of the role of recombinational repair in handling stalled replication forks.  We now know 
from experiments on inhibition of DNA synthesis by other means that certain 
recombinational repair pathways can be toxic. We hypothesized that the toxicity of 
thymine starvation results from improper processing of stalled replication forks by 
recombinational repair, leading to irreparable chromosomal lesions that cause TLD.   In 
Chapter 3 we are interested in: 1) which recombinational repair pathways are beneficial 
and which ones are detrimental during thymine starvation; 2) what the main players are in 
each pathway; 3) how specific recombinational repair players interact with each other to 
rescue/kill cells during TLD. 
 
 
3.2. Materials and methods 
 
Strains. 
 
All E. coli strains are K-12 and are derivatives of AB1157 (Appendix A. Table 1.)  
Alleles were moved between strains by P1 transduction (Miller 1972; Miranda and 
Kuzminov 2003). Precise deletion-replacement alleles of selected genes were generated 
by the PCR/lambda-Red method (Datsenko and Wanner 2000) and all confirmed by PCR. 
Where possible, mutants were also confirmed by phenotypic tests. Specifically, the deo 
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mutants were confirmed by their sensitivity to 5-fluorodeoxyuridine (Zalkin and Nygaard 
1996). The thyA mutants cannot grow on minimal medium without thymine or thymidine 
(Ting, Kouzminova et al. 2008). The rec, ruv, lexA and uvr mutants were confirmed by 
their characteristic sensitivities to UV irradiation (Kuzminov and Stahl 2005). The 
recBCD and recD mutants were confirmed by their ability to plate T4 gp2
-
 mutant 
(Silverstein and Goldberg 1976; Miranda and Kuzminov 2003). The ung mutant was 
confirmed as permissive for lambda phage grown on a dut ung host, as before 
(Kouzminova and Kuzminov 2004). The rep mutants were confirmed by their inability to 
plate M13 (Uzest, Ehrlich et al. 1995). 
 
Growth conditions. 
 
Please refer to Chapter 2 section 2.2. for growth conditions. 
 
Measuring the kinetics of killing during thymine starvation. 
 
To measure TLD kinetics, cells were grown at 28°C in M9CAA or MOPS-minimal 
phosphate medium with 10 µg/ml thymidine until mid-logarithmic phase (OD600 ~ 0.15), 
supplemented thymidine was removed by collecting cells on nitrocellulose membrane 
filters (type 0.22 µm GS, Millipore), followed by washes with 3 volumes of 1% NaCl and 
final resuspension in the original medium, but this time without thymidine. Viability of 
cultures was measured by spotting 10 µl of serial dilutions in 1% NaCl on LB plates 
supplemented with 10 µg/ml thymidine. While still small (after 1-3 days incubation of 
the plates at 22°C), colonies at each spot were counted under the stereomicroscope. All 
titers were then normalized to the titer at time 0 (immediately after thymidine removal).  
 
Measuring SOS induction. 
 
To determine the level of SOS induction, P1 transduction was used to introduce the 
Mu∆X::cat-derived construct with the lacZ gene fused under the sulA promoter (Ossanna 
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and Mount 1989) into the KKW58 thyA and other thyA rec strains. The thyA deoCABD 
mutant cultures were switched to the same medium without thymidine, and SOS 
induction was measured at various time points. Assays were done as before (Kouzminova 
and Kuzminov 2004) with the following modifications: experiments were done in 
M9CAA at 30°C without antibiotics and 500 µl of culture were measured per assay.  As a 
positive control, KJK106 thyA sulA::lacZ supplemented with thymidine was treated with 
100 ng/ml mitomycin C, a cross-linking agent (not shown).  As a control for no SOS 
induction, we used ∆recA cells.  Since certain rec mutants may slightly induce SOS even 
during thy+ growth, Miller Units (MU) readings from the same set of cultures but 
supplemented with thymidine were subtracted as background.  For Fig. 3D, values from 
KJK106 were taken as 1 and all strains were normalized to KJK106.   
 
Measuring the rate of DNA synthesis by 
32
P-orthophosphate incorporation and 
alkaline gel electrophoresis. 
 
Experiments were performed as previously described in Chapter 2 except the following 
modifications:  cells were grown in MOPS with thymidine supplemented for thyA until 
OD600 ~ 0.15, then supplemented thymidine was removed by collecting cells on 
nitrocellulose membrane filters (type 0.22 µm GS, Millipore), followed by washes with 3 
volumes of 1% NaCl and final resuspension in MOPS, but this time without thymidine;  
thyA cultures were grown at 30°C throughout the experiment;  dnaB22(Ts) were grown at 
30°C until OD600 ~ 0.15 and were switched to 42°C when thymidine was removed from 
thyA cultures. At each indicated time point, 1.8 ml of cultures was aliquotted for OD600 
measurement, then 
32
P-orthophosphate was added to the aliquot and the aliquot was put 
back into shaking for 10 minutes for 
32
P-orthophosphate incorporation before cells were 
collected for making agarose plugs. The same volume of cells was used in each plug 
regardless of the OD600 increase, which is mostly due to cell filamentation instead of the 
actual increase of chromosomal content. DNaseI treatment of the plug confirmed that 
everything showing up at the top of the gel is DNA species and the signal from both the 
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well and the lane were taken into account.  As positive controls, thyA cultures grown with 
thymidine and dnaB22(Ts) grown at 30°C throughout the experiment were used. 
 
Measuring DSBs by pulsed-field gel electrophoresis. 
 
Pulsed-field gel electrophoresis and quantification of chromosomal fragmentation were 
done as described in Chapter 2 with some minor modifications: all strains were grown in 
the MOPS-minimal phosphate medium; overnight cultures were diluted and grown with 5 
µCi of 
32
P-orthophosphoric acid per ml of culture for 2.5 hours at 30°C before 
supplemental thymidine was removed by centrifugation, then the same amount of 
32
P-
orthophosphoric acid was added back to the cultures resuspended in the MOPS-minimal 
phosphate medium without thymidine. OD600 was taken to determine the volume of 
aliquots to be used so that, within the experiment, the cell mass per lane was the same for 
all samples.  
 
 
3.3. Results 
 
The three phases of thymine starvation. 
 
We characterized TLD both physically and genetically in Escherichia coli deleted for the 
thymidylate synthase gene, thyA. The thyA mutant strains can be conveniently propagated 
in the presence of exogenous thymine (or more frequently thymidine, which is the next 
step in the in vivo conversion of thymine into dTTP (Neuhard and Kelln 1996)), and then 
studied after thymidine removal. Thymidylate synthase-negative mutant cells of higher 
eukaryotes also undergo thymineless death, with similar problems (Kunz 1982; Seno, 
Ayusawa et al. 1985; Ahmad, Kirk et al. 1998).  
 
To bring order to the diversity of contradictory observations surrounding TLD, especially 
concerning the influence of various mutants in the DNA metabolism (Ahmad, Kirk et al. 
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1998), we first standardized our TLD analysis by using precise deletion alleles of the 
genes in question and by implementing four modifications of a typical format. Cells 
undergo TLD with different kinetics in different conditions, dying sooner in conditions 
promoting faster growth, — for instance, at 37°C as compared to 28°C or in richer media 
(Ahmad, Kirk et al. 1998).  As the first modification, we grew our cells at 28°C in 
M9CAA or MOPS minimal media, because these conditions enhanced the survival 
differences between the mutants and the wild type cells. As the second modification, we 
extended the standard time course of thymine starvation to six hours, which allowed us to 
detect significant differences in strain survival. The third modification was a genetic one: 
when supplemented with thymidine, E. coli thyA mutants tend to accumulate low 
thymidine requiring suppressors by inactivating the deoCADB operon (Neuhard and 
Kelln 1996).  To avoid this complication, we deleted all four deo genes, so that our ―wild 
type‖ strain was a ∆deoCADB mutant while our experimental strain was the double 
deletion ∆thyA ∆deoCADB mutant. The fourth adjustment was a requirement for multiple 
repetitions: the number of independent experiments to build a TLD curve in this work 
varies between three and 37, with the median number around seven. These modifications 
enabled us, in some cases, to detect previously unseen differences between wild type and 
mutant curves, and in some other cases to be sure that a mutant is not different from wild 
type.   
 
Using a novel approach to label and quantify DNA in thymineless conditions, we recently 
documented a gradual yet severe inhibition of DNA synthesis in thymine-starved cells 
(Kuong and Kuzminov 2009) (Chapter 2.), indicating replication fork stalling and/or 
disintegration. Here we show that removal of thymidine from the growth medium leads to 
exponential drop in rates of DNA synthesis by our thyA deoCADB mutant, comparable to 
the inhibition of the dnaB(Ts) mutant at the non-permissive temperature (Figure 3.1.A.). 
Continued replication with such a dramatic DNA synthesis rate inhibition indicates 
replication fork stalling. Perhaps even more importantly, in contrast to the general 
understanding that, once thymidine is removed, DNA replication in thyA mutants stalls 
immediately, we observe that, even after one hour after thymidine removal, the rate of 
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DNA replication is still ~10% of the original one (Figure 3.1.A.). In other words, 
although replication forks are slowing down dramatically, they keep making limited 
progress. 
 
By monitoring the titer of thymine-starved cultures in our experimental conditions we 
distinguished the following phases (Figure 2.1.B.): 1) the resistance phase (no loss of 
viability) of 1.5 hours; 2) the rapid exponential death (RED) phase, with ~500-fold loss 
of titer that lasts approximately the next 3 hours; 3) the survival phase, with the 
remaining cell titer being stable for at least 24 hours (not shown).  
 
To test whether the RED phase is due to massive incorporation of wrong bases (uracils, 
mismatches, modified nucleotides) into DNA with their subsequent excision, we 
determined TLD kinetics in the ung, mutS and uvrA mutants, blocked, correspondingly, 
for uracil excision, for mismatch removal and for nucleotide excision repair. We found 
no significant difference in the TLD kinetics between any of the three mutants and the 
wild type cells (Figure 3.1.C.), indicating that excision of wrong bases from DNA is not a 
major part of the TLD mechanism. A recent report also shows no influence of the uvrA 
defect on kinetics of TLD (Morganroth and Hanawalt 2006). 
 
SOS induction reveals non-repairable chromosomal lesions. 
 
Since thymine starvation does not kill via incorporation and excision of wrong bases, but 
is concomitant with replication fork stalling (Figure 3.2.), we hypothesized that TLD is 
caused by failure to repair chromosomal lesions at replication forks — complex DNA 
lesions, normally mended by recombinational repair. We decided to test this two-part 
notion (both the formation of chromosomal lesions and the failure to repair them) by 
following the kinetics of induction of the SOS response during thymine starvation. SOS 
response is the increased expression of genes of DNA repair and DNA damage tolerance 
and is induced by formation of chromosomal lesions (Kuzminov 1999). SOS response is 
readily induced by thymine starvation (Huisman and D'Ari 1981), but the kinetics is 
  
99 
typically followed during the first hour only. Extending the SOS measurements beyond 
two hours, when DNA synthesis almost ceases, should indicate repairability of the 
chromosomal lesions and whether or not they continue to form. If chromosomal lesions 
are formed and then repaired, SOS response will be induced and then will either plateau 
or will go away. However, if the chromosomal lesions are not repaired, or if the lesions 
form faster than they are repaired, this will result in ever increasing SOS levels.   
 
What we in fact observed was a gradual increase in the SOS expression during thymine 
starvation, which seemed to plateau by two hours, apparently reflecting the resistance 
phase, and then continued climbing again, coinciding with the RED phase (Figure 3.1.D). 
At the same time, cells treated with a DNA crosslinking agent mitomycin C for one hour 
showed the kinetics of SOS induction, consistent with the initial heavy DNA damage 
which later on was mostly repaired (Figure 3.1.D.). Together, these results suggest that 1) 
chromosomal damage occurs right from the start of thymine starvation, but this initial 
damage is repairable; 2) later on something triggers continuous formation of irreparable 
chromosomal lesions or repairable damage in initially unaffected cells.   
 
Thymine starvation induces chromosome fragmentation. 
 
One way stalled replication forks are processed is through their reversal with subsequent 
breakage, which generates double-strand DNA breaks if not prevented by RecBCD 
(Michel, Boubakri et al. 2007). Breakage of both forks of the replication bubble should 
lead to formation of subchromosomal fragments, detectable as chromosomal 
fragmentation. Chromosomal fragmentation during TLD was reported in one study 
(Yoshinaga 1973), but a subsequent study failed to confirm the original observation and 
suggested it was a prophage induction artifact (Nakayama, Kusano et al. 1994). Recently, 
however, chromosomal fragmentation in E. coli was reported after a mere 30 minute 
thymine starvation (Guarino, Salguero et al. 2007). Using our sensitive and quantitative 
protocol of chromosomal fragmentation detection in recBCD mutants (Kouzminova and 
Kuzminov 2004), we found substantial chromosomal fragmentation during TLD (Figure 
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3.2.A. and B.). Significant chromosomal fragmentation during TLD was even detectable 
in the recBCD+ cells (Figure 3.2.A. and B.), suggesting formation of irreparable double-
strand breaks. The observed initial spike in the wild type cells, consistent with the result 
of others (Guarino, Salguero et al. 2007), might be due to a different fragmentation 
mechanism and needs further investigation. It should be noted that, in contrast to 
previous results of others (Handa and Kobayashi 2003; Guarino, Salguero et al. 2007) the 
levels of spontaneous chromosomal fragmentation in our ∆recBCD mutants is lower and 
is not statistically different from the spontaneous fragmentation in the wild type cells. We 
conclude that at least one type of irreparable chromosomal lesions formed during TLD is 
represented by double-strand DNA breaks. We propose that these breaks are formed at 
stalled replication forks, as a result of their improper processing by recombinational 
repair functions.  
 
The effect of recombinational repair mutants on the levels of SOS induction. 
 
Recombinational repair in wild type E. coli comprises the two early pathways starting 
with two types of chromosomal lesions that license the central homologous strand 
exchange reaction catalyzed by RecA, followed finally by the two late pathways 
providing alternative means to resolve recombination intermediates (Figure 1.2.). The 
function of activities of the early pathways is to recognize the chromosomal lesion, to 
prepare it for RecA polymerization and to stimulate (―license‖) RecA polymerization on 
it. If the chromosomal lesion is a double-strand end, then these three steps (recognition, 
preparation and licensing) are catalyzed by RecBCD; if the chromosomal lesion is a 
blocked single-strand gap, the same three steps are performed by RecFOR (Kuzminov, 
1999) (Figure 1.2.). After RecA filament homologously pairs and exchanges strands 
between the damaged DNA and its intact sister duplex, the resulting recombinational 
repair intermediate is eliminated by either RuvABC resolvasome (through resolution of 
Holliday junctions) or, alternatively, by RecG, via a still unknown mechanism (Fig. 1.2). 
It could be that RuvABC preferentially resolves individual Holliday junctions, while 
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RecG preferentially handles pairs of close DNA junctions, but there is no strong evidence 
either for or against this hypothetical distinction (Kuzminov 1999).  
 
In order to test whether thymine starvation induces any specific type of chromosomal 
lesions and/or recombinational repair intermediates, we tested the levels of SOS 
induction during TLD in single mutants in recombinational repair. The recA mutant 
served as a negative control, as the RecA cleaves the LexA repressor to induce the SOS 
regulon. We measured SOS at the 4 hr time point (viability is about 1%). The level of 
SOS induction of the recBCD, recF, recG and ruvABC mutants during thymine starvation 
turned out to be surprisingly uniform (Figure 3.3.): all these recombinational repair 
mutants showed lower SOS induction than wild type cells, although only the recBCD 
mutant results were significantly different from the wild type. Importantly, none of these 
single mutants was either grossly deficient in SOS, nor induced higher that the wild type, 
suggesting that both types of chromosomal lesions (double-strand breaks, single-strand 
gaps) and both types of recombinational repair intermediates (individual Holliday 
junctions, pairs of close junctions) form during thymine starvation and contribute to SOS 
induction. In contrast, the double recBCD recF mutant did not induce much SOS (Figure 
3.3.), indicating no additional types of chromosomal lesions besides double-strand breaks 
and single-strand gaps. The SOS induction in the recG ruvABC double mutant was not 
different from the one in the ruvABC single mutant. 
 
We also tested how different levels of DNA repair and DNA damage tolerance influence 
either the resistance or the RED phases of TLD, by employing mutants either unable to 
induce the SOS response (lexA3) or expressing SOS genes constitutively (lexA71). The 
former mutant is known to have no effect on TLD kinetics (Howe and Mount 1975; 
Morganroth and Hanawalt 2006), while the latter one had not been tested. We found that 
constitutive SOS induction has a modest effect on the kinetics of TLD (Figure 3.4.), 
while the inability to induce SOS eliminates the resistance phase and at the same time 
slows down RED, translating into a ―hybrid‖ TLD curve of lexA3 mutant (Figure 3.4.), 
which contradicts the above-mentioned literature data (Howe and Mount 1975; 
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Morganroth and Hanawalt 2006). Among the recombinational genes that we tested in this 
work, recA and ruvAB are induced by SOS, so next we tested the effect of inactivation of 
individual recombinational repair genes on TLD kinetics.     
 
The role of major recombinational repair activities during thymine starvation. 
 
As already mentioned, RecBC-initiated recombinational repair mends double-strand 
breaks, whereas the RecFOR-initiated repair mends single-strand gaps (Figure 1.2.). 
Previously, three independent studies reported that the recBC mutants are hypersensitive 
to TLD (Cummings and Mondale 1967; Ahmad 1980; Nakayama, Nakayama et al. 1982). 
In our hands, the recBCD mutants began to lose viability almost immediately after the 
thymidine supplementation is withdrawn from the growth medium, although the rate of 
death is not faster than that in the wild type cells (Figure 3.5.A.). This sensitivity of the 
recBCD mutants indicates the importance of double-strand break repair for the resistance 
to thymine starvation. In the wild type cells, the RecBC recombinational repair helicase 
forms a part of the RecBCD enzyme, the fastest exonuclease known and a potent linear 
DNA degradation enzyme (Dillingham and Kowalczykowski 2008), while in the recD 
mutants DNA degradation is reduced 2-fold without affecting recombination (Rinken, 
Thomas et al. 1992). A single recD mutation in our hands has no influence on the TLD 
kinetics (Figure 3.5.A), suggesting that the wild type rates of linear DNA degradation are 
not needed for TLD resistance.  
 
Confirming the single earlier reports, we found that the recF (Nakayama, Nakayama et al. 
1982) and the recO (Nakayama, Shiota et al. 1988) defects protect from TLD by slowing 
death, while leaving the length of the resistance phase unchanged (Figure 3.5.B). Another 
defect that was reported to protect against TLD was recJ (Nakayama, Shiota et al. 1988); 
however, our recJ allele showed almost no protection (Figure 3.5.B). The slower death in 
the recF and recO mutants indicates poisoning of the cells by the RecFO-initiated repair 
of unfillable single-strand gaps. Overall, the opposing effects on TLD of the defects in 
the two early pathways of recombinational repair indicate that: 1) double-strand breaks 
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happen early on during thymine starvation, but are successfully repaired by RecBC (or 
subchromosomal fragments degraded by RecBCD) during the resistance phase; 2) during 
the RED phase, unfillable single-strand gaps accumulate, and initiation of their repair by 
RecF poisons the cells, for example by making some double-strand breaks non-repairable.     
 
There is a disagreement in the literature about the effect of the recA mutations on TLD: 
two papers report that the recA defect makes E. coli more resistant to TLD (Inouye 1971; 
Ahmad 1980)  whereas three others report that the recA defect has no effect on TLD 
(Cummings and Mondale 1967; Anderson and Barbour 1973; Nakayama, Nakayama et al. 
1982). In our conditions, the ∆recA mutants show a hybrid TLD curve similar to the 
lexA3 mutant: they are hypersensitive to TLD early on after thymidine removal, but 
eventually stabilize at a higher level of survival than the wild type cells (Figure 3.5.C.). 
The recA mutant result argues that the lexA3 result could be due to inability to amplify 
the RecA amount in response to massive chromosomal damage during TLD. The shape 
of the hybrid curve suggests dual role for RecA during thymine starvation: 1) at first 
RecA helps by participating in the RecBC-catalyzed repair of double-strand breaks 
during the resistance phase; 2) later on RecA becomes detrimental by participating in the 
RecF-catalyzed poisonous repair of single-strand gaps, and its participation in double-
strand break repair can no longer help. Finally, the effect of RecA inactivation on the 
resistance phase is noticeably less than the effect of RecBCD inactivation (Figure 3.5., 
compare A with C), suggesting that RecBCD has a role in TLD resistance beyond its 
participation in RecA-catalyzed recombinational repair of double-strand breaks (Figure 
1.2.). This role may be prevention of double-strand breaks via duplex DNA degradation 
(augmented by ssDNA-specific exonucleases in the recD mutants (Miranda and 
Kuzminov 2003)).   
 
In contrast to the several reports on the role of recA, recBC, and recF mutants in TLD, 
the behavior of mutants in the late pathways of recombinational repair during thymine 
starvation received much less attention, as there was only a single report on ruv 
(Nakayama, Kusano et al. 1994). Confirming this report, we found that the ruvABC 
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mutant cells are hypersensitive to TLD, just like the recBCD mutants, but after a short 
resistance period (Figure 3.5.D.). We interpret this result to mean that 1) RuvABC is 
critical for repair of double-strand DNA breaks that accumulate early on during thymine 
starvation; 2) the critical participation of RuvABC in this repair starts ~30 minutes later 
than the participation of RecBC; 3) unlike RecA, RuvABC does not have a major role in 
the RecF-catalyzed poisonous repair of single-strand gaps later on.  In contrast, we found 
that the recG mutant cells not only survive TLD slightly better than WT cells, but display 
the ―hybrid curve‖ (Figure 3.5.D.), suggesting that RecG also participates both in the 
RecBC-catalyzed double-strand break repair and in the RecF-catalyzed poisoning by 
single-strand gaps. Therefore, this poisoning is not limited to the formation of 
recombination intermediates, but also appears to include their resolution. 
 
Epistatic analysis of recombinational repair mutants during thymine starvation. 
 
It was formally possible that the various effects of mutations in recombinational repair on 
TLD are due to operation of several independent pathways, rather than a single postulated 
pathway with the two early and two late branches (Figure 1.2.). Epistatic analysis, during 
which individual mutations are combined pairwise, is a standard test of whether the two 
genes work in the same pathway (effect of one mutation hides the effect of the other one) 
or in independent pathways (the double mutant shows an enhancement of effects of 
single mutants, usually a multiplicative effect) (Haynes and Kunz 1981).  
 
For example, since recA is the master gene of recombinational repair, we thought that the 
double recBCD recF mutant, in which both early branches of recombinational repair are 
blocked, or the double ruvABC recG mutant, in which both late branches of 
recombinational repair are blocked, would produce the recA-like (―hybrid‖) TLD kinetics. 
Instead, we found that both double mutants were more sensitive to thymine starvation 
than the recA single mutant, but with some differences. The kinetics of the recBCD recF 
double mutant coincided with the one of the recBCD single mutant (Figure 3.6.A.), 
showing that the RecF-catalyzed events are not the reason the recBCD mutant dies faster. 
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In contrast, the ruvABC recG double mutant effect on the TLD curve could be described 
as addition of individual effects of the single recG and ruvABC mutants, showing that 
both functions contribute uniquely to the resistance phase (Figure 3.6.B). Overall, the 
TLD kinetics of the recBC recF and ruv recG double mutants confirm that the repairable 
chromosomal lesions, specifically double-strand breaks, form early on during thymidine 
starvation, and their RecBC- and RuvABC/RecG-catalyzed repair is critical for survival 
during the resistance phase, before the later formation of the single-strand gaps and their 
toxic repair by RecFO (finished by RecG?) initiates the RED phase.  
 
To test whether the faster RED phase in the recBCD mutant depends on the RecA-
catalyzed reaction, we compared TLD kinetics of the recA recBCD double mutant with 
those of the corresponding single mutants (Figure 3.6.C.). We found that the double 
mutant kinetics mostly parallels the one of the recBCD single mutant (recBCD is 
epistatic to recA), ruling out early poisoning of the recBCD mutants by the RecA-
promoted processes. Likewise, we also tested whether the resistance to thymine 
starvation of the recF single mutant is independent of RecA (Figure 3.6.D.). We found 
that the recA recF double mutant behaves like the recA single mutant (recA is epistatic to 
recF), showing that the recF defect cannot slow RED without RecA.    
 
TLD kinetics of the recBCD ruvABC double mutant follows the kinetics of the single 
ruvABC mutant (Figure 3.6.E.), which shows that 1) RecBCD and RuvABC work in the 
same pathway of resistance to TLD, most likely repair of double-strand breaks; 2) the 
ruvABC defect is epistatic to the recBCD one, meaning that a small fraction of these early 
double-strand breaks are produced by RuvABC. On the other hand, the TLD curve of the 
recF ruvABC mutant runs between the curves of the individual recF and ruvABC mutants, 
suggesting that formation of some late double-strand breaks depends on RecF (Figure 
3.6.F.). In summary, since in our analysis of the double mutants we found no 
enhancement of the effects of single mutants (with the exception of recG ruv), we 
conclude that there is a single type of chromosomal lesion requiring RecA-dependent 
repair during the resistance phase of thymine starvation (most likely double-strand breaks) 
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and another single type of chromosomal lesions whose RecA-dependent repair is toxic 
during the RED phase of thymine starvation (most likely single-strand gaps, either 
translating into (or blocking the repair of) double-strand breaks, which then kill).   
 
The role of the UvrD helicase during thymine starvation. 
 
To test this reasoning, we needed an activity that would affect RecA-promoted pairing at 
stalled replication forks. Two related helicases, Rep and UvrD, are suspected to act on or 
around stalled replication forks. Rep is required for the nicking-initiated DNA replication 
in small bacteriophages (Denhardt, Dressler et al. 1967); in addition, the rep mutants 
replicate slower their chromosomal DNA, implicating Rep as an auxiliary function at the 
E. coli replication fork (Lane and Denhardt 1975). Finally, the original rep mutant also 
exhibited faster TLD (Denhardt, Dressler et al. 1967). However, under our conditions, the 
TLD kinetics of the ∆rep mutant turned out to be at least no different from the wild type 
kinetics, if not slower (Figure 3.7.A.), indicating that the Rep helicase participates in 
neither resistance to TLD, nor in the TLD poisoning. The conflict between our results and 
the previous results could be due to the presence of other TLD-modifying mutations in 
the original rep mutant isolate, as well as due to the difference in growth conditions, to 
which TLD is extremely sensitive.    
 
The other helicase, UvrD, is responsible for the quality control over the RecA-promoted 
strand exchange intermediates, dissociating intermediates of insufficient length (reviewed 
in (Kuzminov 1999)). In addition, it was recently demonstrated that UvrD inhibits 
RecAFOR binding at stalled replication forks, replication fork reversal and replication 
restart (Lestini and Michel 2007). The uvrD mutants were found long ago to be 
hypersensitive to TLD (Siegel 1973), but the reason was unknown. We confirmed that 
the uvrD mutants are hypersensitive to TLD, with kinetics superficially similar to the one 
of ruvABC mutant (compare Figure 3.7.B. versus 3.6.D.). At face value, this could mean 
UvrD participation in the repair of double-strand breaks. Alternatively, UvrD could have 
nothing to do with the DSB repair, but single-strand gaps, whose poisonous repair UvrD 
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was supposed to supervise, could start forming earlier than the beginning of the RED 
phase. In this case, UvrD would be successful in disrupting improper RecAFOR-
promoted pairing during the second half of the resistance phase, whereas the RED phase 
would signify UvrD‘s failure to continue doing so. 
 
We distinguished between the two explanations by determining the TLD kinetics of the 
recBCD uvrD versus recA uvrD and recF uvrD double mutants. If UvrD disrupts the 
improper RecAF-catalyzed pairing at single-strand gaps, the recA and the recF defects 
should be epistatic to UvrD, and this was what we indeed observed. In particular, the 
uvrD recA double mutant duplicated the TLD kinetics of the recA single mutant (Figure 
3.7.C.), while the uvrD recF double mutant behaved essentially as the recF single mutant 
(Figure 3.7.D.). If the role of UvrD in TLD is indeed to counteract the toxic effects of 
RecF and RecA, rather than participating in RecBCD-promoted double-strand break 
repair, then its effect on TLD should be synergistic with the one of recBC defect, and, 
again, this was found to be the case (Figure 3.7.E. and 3.8.). The synergy of the recBC 
and uvrD effects clearly shows that the role of RecBCD in TLD is separate from the role 
of UvrD.  
 
In fact, this synergy is expressed even at the viability level in Thy+ cells, as the viability 
of the uvrD mutant in our hands is close to 50%, the viability of the recBCD mutant (in 
this study) is close to 40%, whereas the viability of the double uvrD recBCD mutant is 
11% (even less than the product of the viability indices of the single mutants) (Figure 
3.7.F.). This low viability of the uvrD recBCD double mutants (without any thymine-
starvation) suggests that the RecAFO-poisoning also happens in normally-growing cells. 
However, the viability of the double recA uvrD and recF uvrD mutants turned out to be 
also the product of viabilities of the corresponding single mutants (Figure 3.7.F.), arguing 
against the RecAF-poisoning in growing cells. Unfortunately, we could not construct the 
ruvABC uvrD double mutant, because of its inviability (Lestini and Michel 2007).   
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Overall, we conclude that: 1) both types of chromosomal lesions are formed throughout 
thymine starvation, first double-strand breaks, shortly followed by single-strand gaps; 2) 
during the initial resistance phase, DSBs are all successfully repaired (by 
RecA+RecBC+RuvABC), whereas SSGs are successfully prevented from being turned 
into toxic recombination intermediates by UvrD; 3) something eventually triggers the 
RED phase, the proximal cause of which is the RecAFGO-catalyzed toxic repair of 
single-strand gaps at stalled replication forks. The same repair is apparently non-toxic in 
growing cells. Therefore, the trigger may be the decrease of the DNA synthesis rate 
below a certain level (for example, below 10%, the rate at one hour of thymine starvation 
(Figure 3.1.A.)), critical for maintenance of replication forks.  
 
 
3.4. Discussion 
 
The enigma of cell death in the absence of thymidine entices experimental inquiries and 
at the same time eludes them for over half a century. Although the deep rooting of TLD 
in DNA replication and repair is quite obvious (described in section 1.5., 1.8. and 1.11.3.), 
there were recent attempts to link TLD to either RNA synthesis (Morganroth and 
Hanawalt 2006) or RNA degradation (Sat, Reches et al. 2003). Especially intriguing was 
a possible involvement of the toxin-antitoxin pair ChpAR (MazEF) in TLD(Sat, Reches 
et al. 2003), but neither the magnitude of the TLD effect(Godoy, Jarosz et al. 2006), nor 
the cell death from ChpA/MazF overexpression (Christensen, Pedersen et al. 2003) were 
subsequently confirmed, and the effect itself contradicted earlier observations with RNA 
synthesis inhibitors (as discussed in (Morganroth and Hanawalt 2006)). 
 
The consensus of several extant models posits that wrong DNA base incorporation and 
excision is at the root of TLD. After finding that thymine-starved cells shut down DNA 
replication, and that TLD kinetics is not influenced by inactivation of excision of wrong 
DNA nucleotides, we hypothesized that TLD is due to irreparable chromosomal lesions, 
generated during processing of stalled replication forks by recombinational repair. We 
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tested these ideas in the thyA E. coli mutants and found that: 1) thymine-starved cultures 
go through three distinct phases: (i) resistance, (ii) rapid exponential death (RED) and (iii) 
survival; 2) continuous SOS induction during TLD indicates formation of irreparable 
chromosomal lesions, and there is indeed a significant chromosomal fragmentation in 
thymine-starved cells; 3) making the SOS response uninducible decreases the resistance, 
but also increases the survival of thymine starvation; 4) the recA, recBCD, ruvABC, recG 
and uvrD defects accelerate TLD by shortening the resistance phase, while the recF and 
recO mutations alleviate TLD by slowing the RED phase; 5) defects in the double-strand 
break repair are epistatic to defects in the single-strand gap repair, indicating that, at least 
in the beginning, double-strand breaks form independently of the (toxic) single-strand 
gap processing; 6) UvrD controls the toxic single-strand gap repair by RecAFO, and the 
breakdown of this control is the proximal trigger of the RED phase of TLD  
 
Continuous SOS induction is consistent with irreparable chromosomal 
fragmentation. 
 
The SOS curve that we observed featured only a small plateau, then with continuous 
increase, suggesting an almost continuous exaggeration of chromosomal problems, with 
an eventual breakdown of the orderly repair and generation of lethal chromosomal 
damage by misrepair. The modest decrease in SOS induction in various recombinational 
repair mutants failed to provide any indication as to the nature of these irreparable 
chromosomal lesions, suggesting their multiple types. However, we detected substantial 
chromosomal fragmentation in thymine-starved recBCD mutant cells (total fragmentation) 
and significant fragmentation in the recBCD
+ 
(repair-proficient) cells (irreparable double-
strand breaks), which is consistent with the SOS data. Although earlier attempts to detect 
chromosomal fragmentation during TLD in E. coli were inconclusive (Yoshinaga 1973; 
Nakayama, Kusano et al. 1994), double-strand breaks were reported in mouse cells 
undergoing TLD (Hori, Ayusawa et al. 1984). Recently, chromosomal fragmentation was 
reported after a mere 30 minute thymine starvation in E. coli (Guarino, Salguero et al. 
2007), which is generally consistent with our observations.   
  
110 
 SOS induction itself does not cause TLD. 
 
Since steadily increasing SOS induction was a prominent characteristics of TLD, we 
expected that mutants in the SOS induction (either no induction or constitutive induction) 
would have a dramatic effect on TLD kinetics. We found that blocking SOS induction 
eliminates the resistance phase but, at the same time, slows down the exponential death 
phase, so that the overall effect is the increased survival of the culture over the long run.  
Constitutive SOS induction has a rather minor effect on TLD. Out of the genes that we 
inactivated in this work, three are induced during SOS: recA (strongly), uvrD (moderately) 
and ruvAB (weakly) (reviewed in (Kuzminov 1999)). Our subsequent analysis of the 
TLD kinetics in recA, ruvABC or uvrD mutants reveals that the lexA(IND–) curve 
resembles most the recA mutant curve, suggesting that the lexA(IND–) phenotype in TLD 
is caused by the inability to overproduce RecA and highlighting RecA as the activity 
central in both the resistance and the RED phases of TLD.   
 
Acceleration or alleviation of TLD by defects in recombinational repair. 
 
The acceleration of TLD in recBC mutants is well-documented (Cummings and Mondale 
1967; Ahmad 1980; Nakayama, Nakayama et al. 1982), while TLD acceleration in uvrD 
(Siegel 1973) mutants or its alleviation in recF mutants (Nakayama, Nakayama et al. 
1982) was reported only once, so there was no controversy there. The effect of the recA 
mutation on TLD was a subject of controversy, though: there were reports of either no 
influence (Cummings and Mondale 1967; Anderson and Barbour 1973; Nakayama, 
Nakayama et al. 1982) or of TLD alleviation (Inouye 1971; Ahmad 1980). Thus, our 
results that recA mutants accelerate TLD at the beginning, but then slow it in the end, 
seemingly add to the controversy instead of resolving it. However, we feel secure about 
our results, not only because they are backed by multiple repetitions, but also because the 
recA mutant curve was emulated by the lexA3 curve and validated in the epistatic analysis 
of the double mutants with recA. The effect of inactivation of the late stages of 
recombinational repair on TLD was never before studied systematically. Our results not 
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only fill this void, but also confirm the conclusion from the effects of inactivation of the 
early stages of recombinational repair on TLD — namely, that one branch of 
recombinational repair (RecA-RecBC-RuvABC-(RecG)) is critical for resistance against 
TLD (likely repairing double-strand DNA breaks), whereas the other branch of 
recombinational repair (RecA-RecFOR-(RecG)) generates irreparable chromosomal 
lesions that are proximal killers during TLD. The UvrD helicase counteracts this 
poisonous RecA-RecFOR-activity, most likely by disrupting pernicious RecA filament 
assembly at stalled replication forks.  
 
Some double-strand breaks form independently of the (toxic) single-strand gap 
processing. 
 
Our finding that recA, recBC and ruvABC mutants accelerate TLD indicates early 
formation of repairable double-strand breaks during thymine starvation and raises the 
question about the mechanism of their formation. Stalled replication forks are known to 
reverse and turn into Holliday junctions, which are then cut by RuvABC, breaking the 
replication forks and fragmenting the chromosome (Michel, Boubakri et al. 2007). 
However, this cannot be the major mechanism of chromosomal fragmentation during 
TLD — otherwise ruvABC mutants would have suppressed TLD instead of accelerating it.  
The fact that the uvrD defect also shortens the resistance phase suggests early formation 
of blocked single-strand gaps, making it possible that some double-strand breaks form as 
a consequence of the single-strand gap processing. The TLD kinetics in the recF ruv 
double mutant, which is intermediate between the kinetics of recF and ruv single mutants, 
suggests that at least some double-strand breaks during TLD are the result of RecF-
dependent processes. However, the TLD kinetics in the recBCD recF double mutants, 
which matches the one of the single recBCD mutant, rules out the possibility that the 
RecF-processing of single-strand gaps is the only way to generate double-strand breaks 
during thymine starvation. Apparently, thymine starvation triggers formation of the early 
double-strand breaks directly. The mechanisms of both direct and RecF-dependent 
chromosomal fragmentation during TLD remains a mystery to be investigated.   
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UvrD failure may be one of the proximal triggers of the RED phase of TLD. 
 
UvrD is known to counteract improper RecFOR-licensed RecA filament assembly at 
stalled replication forks in other systems (Lestini and Michel 2007), and now we show 
that UvrD also exercises quality control over the RecA filament formation during TLD. 
This conclusion follows from three facts: 1) the uvrD defect accelerates TLD; 2) the recF 
defect alleviates TLD; 3) the recF defect is epistatic to the uvrD defect: in the recF uvrD 
double mutant TLD remains alleviated. The interesting twist is the earlier formation of 
these RecAFOR-catalyzed improper recombination intermediates, as suggested by the 
shorter resistance phase in the uvrD mutants. This result provides an insight into what 
triggers the RED phase of thymine starvation: it is the eventual failure of UvrD to disrupt 
the continuous RecFOR-licensed toxic RecA-promoted pairing of single-strand gaps at 
stalled replication forks, rather than the pairing itself. The out-of-control RecA 
filamentation and formation of recombination intermediates may then block the access to 
double-strand ends and prevent their critical repair by RecBC.   
 
The broader implications of our findings. 
 
The TLD phenomenon offers a unique opportunity to gain insights on the intricate 
interplay between DNA replication and recombination without exogenous poisoning of 
the system.  We showed that two distinct protection mechanisms, by RecABCD/Ruv on 
the one hand and by UvrD on the other, are required for the initial protection against TLD. 
Interestingly, the two mechanisms also operate during normal growth, which is reflected 
in the poor viability of the recBCD uvrD mutants (this study) and the co-lethality of 
ruvABC uvrD mutants (Lestini and Michel 2007).  The real puzzle is the RecAFOR 
pathway for repair of blocked single-strand DNA gaps, beneficial against exogenous 
DNA damage (like UV), yet toxic during the nucleotide imbalance scenario of TLD. 
Even more confusing, RecA is both the central player in the RecBC-dependent protection 
pathway and in the RecFO-dependent toxic pathway. One more unclear relationship is 
epistasis of the recA defect to the recF, ruvABC and to the uvrD defects, but not to the 
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recBC defect. Perhaps, this reflects the situation when RecBCD not only repairs double-
strand breaks, but also prevents formation of more double-strand breaks, for example via 
DNA degradation at reversed replication forks (Miranda and Kuzminov 2003).  How 
RecA, the primary savior from chromosomal damage, turns into a contributor to the 
toxicity during TLD, should be one of the central questions of future TLD investigations. 
 
 
3.5. Conclusions 
 
TLD is a interesting phenomenon about which numerous studies were done, but results 
were frequently conflicting, and no single mechanism of the mysterious death was ever 
agreed upon.  In the light of our study, we narrowed it down to the formation of toxic 
chromosomal lesions by recombination proteins acting on either (or both) abruptly stalled 
replication forks or gapped chromosomes generated by polymerases trying to replicate 
DNA in the absence of dTTP (Figure 3.9.). In other words, TLD is the result of 
inappropriate recombination in the attempt to restore replication, a situation similar to the 
one with mutationally-destabilized replisomes (Lestini and Michel 2007; Michel, 
Boubakri et al. 2007). We showed that as long as the RecFOR activities involved with 
generation of these toxic lesions are removed, cells have much slower dying phase as 
long as the RecBCD, RecA and RuvABC activities are intact.  We speculate that one type 
of the irreparable chromosomal lesions is the so-called ―exploded‖ replication fork, while 
some other, yet to be specified types, can be generated from forks engaged in futile 
replication (Figure 3.9.). Future studies will be directed at the nature of the toxic lesions 
generated, the mechanism of the repair/recovery of stalled replication forks, and how 
nucleotide imbalance brought by thymidine starvation, stalls replication in the first hand. 
Specifically, an enigma of hydroxyurea, which also stalls replication forks, but does not 
cause the TLD-like RED phase (Kuong and Kuzminov 2009), needs to be explained.  
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3.6. Figures 
 
 
Figure 3.1. Thymine starvation blocks DNA synthesis, induces SOS response and kills, but not 
through excision of wrong DNA bases.  
 
A. Thymine starvation inhibits DNA synthesis. Normalization was to the rates at time 0.5 hour 
without treatment. The values are means of three-to-six independent measurements ± SEM. 
Strains: thyA, KKW58; dnaB(Ts), KJK148.   
 
B. Parameters of TLD in a thyA mutant (KKW58) that has no other defects. The values are means 
of 37 independent measurements ± SEM (sometimes obscured by the symbols).  
 
C. The kinetics of TLD in mutants, deficient in uracil excision, methyl-directed mismatch 
removal or in nucleotide-excision repair. The wild type TLD curve from Figure 3.1.B. is shown 
for comparison. The values are means of three independent measurements ± SEM. Strains are: 
thyA ung, KJK78; thyA mutS, KJK179; thyA uvrA, KJK185.  
 
D. Kinetics of SOS induction during TLD. The values are means of four independent 
measurements ± SEM. The strain is KJK106. As a control (white crosses), the same strain is 
treated with 100 ng/ml mitomycin C in the growth medium + thymidine for 1 hour. After MC is 
removed, incubation is continued in the same medium. 
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Figure 3.2. Chromosomal fragmentation and genetics of SOS induction during thymine 
starvation.  
 
A. A representative pulsed-field gel of chromosomal DNA of thyA and thyA recBCD mutants 
during thymine starvation. The strains are: wild type, KKW58; ∆recBCD, KJK63. 
 
B. Quantification of chromosomal fragmentation during TLD. The wild type TLD curve from 
Figure 3.1.C. is shown for comparison. The values are means of 3 independent measurements 
from gels as in ―B‖ ± SEM.  
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Figure 3.3.  The level of SOS induction in recombinational repair mutants. The measurement was 
taken four hours after thymidine removal. The data are means of four-to-seven independent 
measurements ± SEM. The strains are: Wild type, KJK106; recA, KJK125; recBCD, KJK129; 
recF, KJK127; recG, KJK135; ruvABC, KJK137; recBCD recF, KJK216; recG ruvABC, KJK217. 
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Figure 3.4. The kinetics of TLD in two types of lexA mutants. The lexA3 mutant produces an 
uncleavable SOS repressor and cannot be induced (IND–), while the lexA71 mutant does not 
produce the repressor and is constitutively induced for SOS. SulA is the SOS-induced cell 
division inhibitor and needs to be inactivated for lexA71 mutant to be viable.  The wild type TLD 
curve from Fig. 3.1.B. is shown for comparison. The values are means of four independent 
measurements ± SEM. Strains are: thyA, KKW58; thyA lexA3, KJK116; thyA lexA71, KJK123.  
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Figure 3.5. The roles of recombinational repair in TLD. In all panels, the wild type curve from 
Figure 3.1.B. is shown for comparison.  
 
A. TLD kinetics in the recBCD and recD mutants. The values are means of five-to-eight 
independent measurements ± SEM. The strains are: recBCD, KJK63; recD, KJK99. 
 
B. TLD kinetics in the recF, recO and recJ mutants. The values are means of 4-13 independent 
measurements ± SEM. The strains are: recF, KJK67; recO, KJK194; recJ, KJK192.  
 
C. TLD kinetics in the recA mutant. The values are means of 24 independent measurements ± 
SEM. The strain is KJK61.  
 
D. TLD kinetics in the ruvABC and recG mutants. The values are means of 7-11 independent 
measurements ± SEM. The strains are: ruvABC, KJK65; recG, KJK68. 
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Figure 3.6. Epistatic analysis of recombinational repair defects in TLD. In all panels the single 
mutant TLD kinetics from Figure 3.1.B. is shown for comparison. 
 
A. TLD kinetics in the recBCD recF double mutant. The values are means of eight independent 
measurements ± SEM. The strain is KJK72. 
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Figure 3.6. (cont.) 
 
B. TLD kinetics in the recG ruvABC double mutant. The values are means of seven independent 
measurements ± SEM. The strain is KJK73. 
 
C. TLD kinetics in the recA recBCD double mutant. The values are means of five independent 
measurements ± SEM. The strain is KJK102. 
 
D. TLD kinetics in the recA recF double mutant. The values are means of six independent 
measurements ± SEM. The strain is KJK104. 
 
E. TLD kinetics in the recBCD ruvABC double mutant. The values are means of four independent 
measurements ± SEM. The strain is KJK212. 
 
F. TLD kinetics in the recF ruvABC double mutant. The values are means of four to five 
independent measurements ± SEM. The strain is KJK211. 
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Figure 3.7. TLD in the rep and uvrD mutants. The wild type and single mutant TLD kinetics 
from previous figures are shown for comparison. 
 
A. TLD kinetics in the ∆rep mutant. The values are means of three independent measurements ± 
SEM. The strain is KJK202. 
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Figure 3.7. (cont.) 
 
B. TLD kinetics in the ∆uvrD mutant. The values are means of three independent measurements 
± SEM. The strain is KJK112. 
 
C. TLD kinetics in the uvrD recA double mutant. The values are means of three independent 
measurements ± SEM. The strain is KJK140. 
 
D. TLD kinetics in the uvrD recF double mutant. The values are means of three independent 
measurements ± SEM. The strain is KJK144. 
 
E. TLD kinetics in the uvrD recBCD double mutant. In contrast to all other TLD kinetics, for 
which strains were pre-grown in tymidine-supplemented medium at 28°C, this set of strains was 
grown in the presence of thymidine at 42°C to accelerate the otherwise impractically slow growth 
of the uvrD recBCD double mutant. The experiment itself was at 28°C, as in all other cases. The 
values are means of three independent measurements ± SEM. The strain is KJK158. 
 
F. Viability of recA, recBCD, recF and ruvABC mutants in the UvrD+ and uvrD mutant 
backgrounds. All strains are Thy
+
 and grown in LB. No value for the ruvABC uvrD double 
mutant reflects its known co-lethality.  
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Figure 3.8. TLD kinetics in the uvrD recBCD double mutant. In contrast to all other TLD 
kinetics, done in either M9 or MOPS minimal media, this one was done in diluted LB (33% LB) 
to accelerate the otherwise impractically slow growth rate of the uvrD recBCD double mutant. 
The values are means of three independent measurements ± SEM. The strain is KJK158. 
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Figure 3.9. A model of chromosomal lesion prevention, repair and misrepair during TLD. Old 
DNA strands are shown by filled lines, newly-synthesized strands are shown as open lines. 
Question mark, a hypothetical transition with an unclear mechanism.  
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CHAPTER FOUR 
 
Elucidating the Overlooked Role of RecA in Thymineless 
Death in Escherichia coli 
 
4.1. Introduction 
 
The field of TLD research is plagued by contradictory data from different laboratories. 
For example, studies using hydroxyurea, the ribonucleotide reductase inhibitor, to stop 
further DNA synthesis during thymine starvation showed either complete block of TLD 
(Rosenkranz, Garro et al. 1966; Morganroth and Hanawalt 2006) or no effect at all 
(Morganroth and Hanawalt 2006; Kuong and Kuzminov 2009) or either outcome 
depending on the way HU was prepared or its concentration (Morganroth and Hanawalt 
2006; Kuong and Kuzminov 2009) (also described in section 1.5.3., 1.12. and Chapter 2).  
Another contradiction in TLD research involves the varied kinetics of the RED phase, 
with some studies showing a prolonged resistance period (Nakayama, Nakayama et al. 
1982; Morganroth and Hanawalt 2006; Kuong and Kuzminov 2010), while others 
showing none (Cummings and Mondale 1967; Sat, Reches et al. 2003), and with 
significant variation in the depth and the rate of the RED phase in all studies (also see 
section 3.3.).  
 
Perhaps the most important contradiction and the source of significant confusion in the 
research of TLD is the effect of the central recombinational repair activity of RecA in 
TLD. Recombinational repair is a complex multi-enzyme system to rescue inactivated
 
replication forks (Kuzminov 1999; Cox, Goodman et al. 2000), in which RecA catalyzes 
the homologous pairing and strand exchange reaction, the central reaction of 
recombinational repair.  Defects in other important recombinational repair activities have 
major effects on TLD – RecBC, RuvABC, UvrD are required for early survival during 
thymine starvation, while RecF, RecO, RecR, RecJ and RecQ contributes to the killing 
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during TLD (also see section 1.8. and chapter 3).  How these various recombinational 
repair proteins are contributing to survival and poisoning during thymine starvation never 
reached a consensus, partly because of the contradictory results from different studies, 
but also because of the surprising lack of effect of the recA mutation on TLD (Inouye 
1971; Anderson and Barbour 1973; Ahmad 1980; Nakayama, Nakayama et al. 1982). We 
reported in the previous chapter that recA mutants are hypersensitive to thymine 
starvation in that they have a shorter resistance phase, but their RED phase is shallower 
later on (Figure 3.5.C).  At the same time, another study reported that the recA defect 
generally relieves TLD (Fonville, Bates et al. 2010), although the authors commented on 
poor reproducibility of their recA mutant data.  Both the above studies, and two more 
studies (Inouye 1971; Ahmad 1980), concluded that RecA has a major contribution to 
TLD, but the direction of this contribution was unclear and never explained to 
satisfaction, so the curse of the field continued.  Only in one of the above studies did the 
authors suggest that growth conditions (the casamino acid content of the media in that 
particular study) may influence the effect of the recA mutation in TLD (Ahmad 1980) 
(also see section 1.4.3.). 
 
During the history of the investigation of TLD, individual laboratories used their own 
conditions with the assumption that growth conditions do not affect the outcome and 
conclusions from experiments.  We suspected that, in contrast to other phenomena, TLD 
is exquisitely sensitive to growth conditions, due to unique circumstances.  Nevertheless, 
the effects of temperature and growth media on TLD time course have never been 
systematically documented during more than five decades of TLD research.  This work is 
the first attempt to fill this void.  We decided to investigate how changing growth 
conditions in terms of the temperature or growth media influences the kinetics of survival 
during TLD.  We also wanted to see how this would influence the effects of 
recombinational repair mutants on TLD.   Since all of the effects in recombinational 
repair mutants on TLD are currently attributed to changes in the ability of cells to survive 
during dTTP starvation, we also checked if these mutations influence the ability to 
recover from dTTP starvation. We revealed the key to the inconsistency of the effect of 
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the recA mutation on TLD, and explained why the central role of RecA in TLD was not 
discovered earlier. 
 
 
4.2. Materials and methods 
 
For conditions and strains used in this work please refer to section 3.2. and Appendix A. 
Table 1. 
 
Kinetics of recovery from TLD. 
 
Thymidine was added to the liquid culture (in M9CAA) before plating.  At the time point 
3 h of the regular TLD kinetics protocol, 2 ml cultures were split into two halves and to 
one of the resulting 1 ml cultures thymidine was added to 10 μg/ml, while the other 
culture remained thymineless as the control. Aliquots were taken, serially diluted using 
1% NaCl solution, and plated on either LB or M9CAA media supplemented with 
10µg/ml thymidine. Plates were then incubated at 22°C  and CFUs counted the next day.   
 
 
4.3. Results 
 
Parameters. 
 
Three distinct shapes of the TLD curve can be found in the literature: 1) the RED phase 
only (no resistance and no survival) (Cummings and Mondale 1967); 2) the resistance 
and the RED phase, but no survival (Berg and O'Neill 1973; Morganroth and Hanawalt 
2006) (Guarino, Salguero et al. 2007); 3) the three-phase curve that we observed in our 
conditions (Okagaki, Tsubota et al. 1960) (Fonville, Bates et al. 2010) (Kuong and 
Kuzminov 2010)(Figure 3.1.B.). We interpret the three-phase curve in our studies as 
follows: the resistance phase signifies the ability of the cell to repair any chromosomal 
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lesions (for their types see Chapter 3 and 5, Figure 3.2. and 5.10.); the RED phase 
signifies formation of irreparable chromosomal lesions in response to continued thymine 
starvation; the survival phase reveals the persisters in bacterial culture, as only rapidly-
growing cells undergo TLD. Alternatively, the survival phase is due to the dead cells 
leaking thymidine, which would relieve thymine starvation for the few actual survivors. 
The relatively sharp transition between the RED and survival phases argues for the 
former interpretation (persisters = hibernating cells). These phases are not always 
observed in studies (Cummings and Mondale 1967; Berg and O'Neill 1973; Morganroth 
and Hanawalt 2006) and we suspected that both the resistance phase and the survival 
phase should be affected by the genetic composition of the experimental strain and by 
experimental conditions. Since different TLD studies used different growth media and 
temperatures, our objective is to see if these factors contribute to the inconsistencies 
between studies in rec mutants during TLD. 
 
The two major variables in the E. coli growth conditions we are going to test in this study 
are temperature and medium composition. We realized that there are two possible phases 
when toxic damage can accumulate during TLD: 1) during the thymine starvation, which 
we call the ―starvation‖ period, and 2) after the starvation ends, which we define as the 
―recovery‖ period. Cells are grown in the presence of thymine to early log phase before 
thymine starvation begins, and we call it ―pre-growth‖ period (Figure 4.1.). We are going 
to look at the effect of experimental conditions on both the starvation and the recovery 
period. 
 
Temperature during thymine starvation. 
 
The original conditions (temperature and media) we used in Chapter 3 are as follows: 
pre-growth of cultures is done in the MOPS-minimal medium supplemented with 
thymidine at 28°C, then thymidine is removed by filtration after 2.5 h (OD ~ 0.1 to 0.15, 
variation due to different viability between mutants), cells resuspend in MOPS without 
thymidine and shaken at 28°C. At indicated time points aliquots are removed for plating 
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on LB with thymidine; the plates are incubated at 22°C overnight and counted next day 
under the stereoscope when colonies are still small. This is the protocol shared by a few 
other studies (Guarino, Salguero et al. 2007; Fonville, Bates et al. 2010), with the 
exception that we used 28°C instead 37°C because of the consideration of using 
temperature-sensitive alleles later in our investigation (when permissive temperature is 
28°C, while 37°C becomes non-permissive). 
 
We first looked at the effect of growth temperature during the thymine starvation phase. 
We kept the pre-growth and recovery conditions the same and only changed the 
temperature when we starve the cells for thymine. We found that TLD kinetics is strongly 
influenced by the starvation temperature (Figure 4.2.A.).  Snce prior to the removal of 
thymidine from the medium all cultures were grown at the same temperature (28°C) and 
in the same medium (MOPS-minimal), the faster-dying kinetics at higher temperatures 
could be caused by faster rate of replication (which correlates with the faster growth rate 
at higher temperatures (Figure 4.4.)).  At higher temperatures (37°C and 42°C), 1) the 
resistance phase is shortened and 2) the rate of the dying phase is increased, compared to 
22°C and 28°C (Figure 4.1.A.).  The increased temperature may have 1) prompted the 
killing mechanism to occur sooner, hence the shortened resistance phase, and 2) make the 
killing stronger, increasing the rate of killing. 
 
However, at 42°C the killing rate during the RED phase is slower than that at 37°C 
(Figure 4.2.A.).  Hence, increasing the temperature does not always result in more potent 
killing.  The growth rate and temperature difference between 37°C and 42°C can be 
argued to be small, so we picked two other different temperatures that have similar 
growth rate but contrasting temperature difference to see whether the effect of the 
starvation temperature is explained by increased growth rate.  When we looked at 28°C 
versus 45°C later, with more similar growth rates (Figure 4.4.), dying kinetics during 
TLD are very different (Figure 4.5.A. and B.). Therefore, the increased killing parameters 
observed during TLD at higher temperature cannot be simply explained by increased 
growth rate. 
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The effect of starvation temperature on recombinational repair pathways during 
TLD. 
 
In our conditions employed before in Chapter 3, inactivation of various recombinational 
repair activities had two kinds of effects on kinetics of TLD (Figure 3.5.). First, we found 
that inactivation of RecBCD, RuvABC and UvrD activities shortened the resistance 
phase without influencing the RED phase. We interpreted these results to mean that the 
RecBCD/RuvABC-catalyzed double-strand break repair or the UvrD-supervision of 
RecA polymerization both allow the cells to survive early thymine starvation. Second, we 
found that inactivation of recF and recO slowed the RED phase, and the recF defect was 
epistatic to the uvrD defect, suggesting that it is the RecFO-promoted RecA 
polymerization at stalling replication forks that poisons thymine-starved cells. Finally, 
there was a third group of mutants, deficient either in recA or recG functions, that 
showed hybrid curves, suggesting their contribution to both the resistance phase and to 
the RED phase. We next checked if the effect of temperature on TLD kinetics is true in 
the rec
-
 mutants too – increase in temperature will contribute to increase in killing 
kinetics.  
 
This expectation is validated for the recBCD, ruvABC and uvrD mutants. Incubation at 
22°C resulted in appearance of the 1 hour resistance phase and in slower RED phase, 
while incubation at 37° and 42°C not only completely eliminated the resistance phase, 
but also greatly accelerated the RED phase and in some cases the final depth of killing 
(Figure 4.6., 4.7. and 4.8.). Interestingly, at higher temperature for certain mutants (e.g. 
recBCD mutants, Figure 4.6.) final survival at higher temperatures can be lowered, 
implying that more killing can be achieved by perhaps accelerating growth during the 
starvation period.  
 
The recF mutant cells, dying slowly at 28°C, completely resist the killing at 22°C (at 
least within the time frame of the experiment), but die rapidly at 37°C and 42°C (Figure 
4.9.). The rapid and deep killing of the recF mutants at 42°C implies that, besides the 
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RecF-promoted RecA polymerization at stalling replication forks, there are additional 
killing factors, more evident at higher temperatures (42°C).  Nevertheless, the beneficial 
role of RecBCD, RuvABC and UvrD and the detrimental role of RecF during TLD is still 
evident at any temperature tested (Figure 4.10.): recBCD, ruvABC and uvrD mutants are 
still hypersensitive, while recF mutants are still more resistant, compared to rec
+
 strain.  
Therefore, the overall conclusion about the role of the corresponding recombinational 
repair proteins in TLD does not change no matter what the incubation temperature is. 
 
Temperature influence on recA mutants kinetics of TLD is different from other 
mutants and is not explained by the role of RecA in the SOS response. 
 
We found a unique effect from the starvation temperature on recA mutants.  The killing 
rate increases from 22°C to 37°C. However, at 42°C there is a strong decrease in initial 
killing and an increased final survival, compared to 37°C. The overall TLD survival of 
recA mutants is better at 42°C than at 28°C and 37°C (Figure 4.2.B.). This may seem to 
be similar with what was observed in rec
+
 (Figure 4.2.A.), but when we combined the 
recA results with those of rec
+
, recA mutants were hypersensitive at 22°C but more 
resistant at 42°C (compare Figure 4.3.A. with B), suggesting that RecA-catalyzed 
functions are detrimental to the cell during thymine starvation at higher temperatures, but 
beneficial to the cell at lower temperatures. This may be one of the reasons for the 
inconsistencies of behavior of recA mutants during TLD reported in the literature, since if 
a higher temperature is used, recA mutants will tend to be more ―resistant‖ to TLD, while 
at lower temperature recA mutants will tend to be ―hypersensitive‖ to TLD. This also 
posed a problem for our study because now we cannot interpret the role of RecA during 
TLD in a straightforward way. Using another recA allele, recA635::kan (KJK 221), we 
obtained similar results (examples shown at Figure 4.5.), so this unusual behavior is not 
due to the particular allele (recA306) we are using. 
 
In both lexA3 and lexA71 mutants, the null mutant and the constitutive mutant of SOS 
response, respectively, temperature only affects the interpretation of the survival kinetics 
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mildly (Figure 4.11.B.). These two mutants die more as temperature increases (Figure 
4.11.A.), and none of them behaved exactly like recA mutants, indicating it is not the 
ability of RecA to induce SOS at different temperature that causes the differences in TLD 
kinetics of recA mutants.  
 
The role of RecG and RecQ in TLD can also change depending on starvation 
temperature. 
 
Another mutant that showed an interesting effect in response to temperature variation was 
recG: recG mutants showed a recA-like hybrid curve in our previous work (Figure 3.5.D. 
and 4.12.B.). However, recG mutants are not responding to temperature changes as recA 
mutants do (Figure 4.12.).  At 42°C, the recG mutant completely lost the resistance phase 
and died profoundly, similar to the ruvABC mutants (Figure 4.12.D.). This suggests that 
at high temperatures, RecG becomes more important for protection against TLD. In the 
previous chapter we concluded that the two late functions of recombinational repair, 
RuvABC and RecG, have different roles during TLD.  Apparently that is no longer the 
case at 42
o
C. In fact, recG mutants have a faster killing rate at 42°C than at 37°C (Figure 
4.12.C. and D.), which is unusual among all the genotypes studied, which either die less 
at 42°C or have similar dying kinetics at both temperatures. Although recG mutants lose 
viability at a faster rate at higher temperatures, when overlaying the curve with rec
+
, they 
are more sensitive to TLD than rec
+
 at both 22°C and 42°C, whereas the depth of death is 
less than rec
+
 at 28°C and 37°C (Figure 4.13.), showing that RecG is beneficial to TLD, 
as it lowers the final toxicity at the intermediate temperatures. This suggests that either 
the recombination intermediates (that RecG resolves) form more often at higher 
temperatures, or that RecG prevents the formation of certain toxic intermediates at those 
temperatures. 
 
Finally, the recQ mutants, which were originally isolated due to their resistance to TLD, 
have a mild protective effect only at higher temperatures and have no effect at lower 
temperatures (Figure 4.14.). Since RecFOR-RecA catalyzed functions are thought to be 
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one of the causes of toxicity during thymine starvation, there could be intermediates from 
these actions that form more often at higher temperatures, and when RecQ is dealing with 
these intermediates, additional killing occurs.   
 
Epistatic analysis at different temperatures. 
 
Due to recA‘s unusual response to the effect from starvation temperature on TLD, we 
repeated several epistatic experiments using different temperatures hoping to obtain 
clearer distinctions between mutations that we could not distinguish at 28°C in our 
previous study (Figure 3.6.).  Looking at results from both 22°C and 42°C (representing 
the two opposite response of recA mutants in TLD), it is now clearer that recA recBCD 
double mutants behave like recBCD single mutants (Figure 4.15.).  Therefore, RecBCD 
functions are required for the initial survival during thymine starvation, and part of this 
benefit is independent of RecA, i.e. the problem is still generated in the absence of RecA.  
On the other hand, the recA ruvABC double mutants now clearly behave like recA 
mutants at all temperatures (Figure 4.16.), consistent with our interpretation that 
RuvABC is needed for survival during thymine starvation to repair problems created by 
the RecFOR-RecA activities and is not required if RecA is absent. 
 
At 22°C, recA mutants are strictly hypersensitive to TLD compared to rec
+
 (Figure 
4.3.A). The fact that recF mutants exhibit a rapid loss of titer at 37°C and 42°C (Figure 
4.9.) shows that the toxic action of RecFOR-RecA is only one of the causes of toxicity – 
cells are still killed at higher temperatures even with RecF inactivated, apparently from 
other problems. At lower temperatures (22°C and 28°C) this unidentified problem is not 
prominent. One possible explanation could be that the rate of RecA-catalyzed ATP 
dependent strand exchange reactions changes by a factor of about 6 over the 25 to 45 °C 
temperature range (Bedale and Cox 1996), and if the RecA-catalyzed strand exchange is 
the action that ultimately lead to the toxicity in cells, this toxicity will be more potent at 
higher temperatures and less at lower temperatures. Despite that RecA actions can be 
toxic, as seen during thymine starvation at 37°C and 42°C, RecA is still required to 
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recover from starvation at 22
o
C and 28°C (for the first 2 h of starvation), probably for 
recovering from problem generated by the unidentified source.  
 
Recovery temperature and medium composition. 
 
After looking at the effect of starvation temperature on TLD, we decided to look at the 
effect of the recovery temperature and media.  We kept the pre-growth and starvation 
conditions constant and varied 1) the temperature in which the plates were incubated; 2) 
the recovery medium, either LB or M9CAA.  We found that the temperature in which the 
Thy
+
 plates were incubated influenced the survival regardless of the plating media 
(Figure 4.17., blue/light blue lines). The resulting TLD kinetics is different depending on 
if the recovery of thy
-
 rec
+
 thymine starved cells was at 22°C or 37°C, true for both 
M9CAA and LB plates. In all cases, the higher the temperature, the better the recovery, 
indicating that plating for recovery at lower temperatures generates additional damage, or 
there is better repair of existing damage at higher temperatures. 
 
When we used plating media of various composition and richness, we also found 
differences in the resulting TLD survival. Thymine starved cells recovered slightly better 
on LB compare to M9CAA plates (Figure 4.18.A. and C, Figure 4.5.). There is no 
difference when M9 versus MOPS plates were used, though (Figure 4.18.A). I next tried 
using various plating media and found a range of effects (Figure 4.19.A.). Killing rate 
was slower when thymine starved cells were recovered on LB without NaCl. We also 
plated on LB with 5X NaCl and found decreased survival (Figure 4.20.A). Our LB 
contains 0.05% NaCl (see section 2.2 Materials and methods), and the salt was suspected 
to cause additional DNA damage after UV irradiation (Dr. Sharik Khan, personal 
communication). Therefore the recovery of thymine-starved cells is dependent on 
whether the plating medium is rich or poor, as well as on the osmotic strength of it.  We 
conclude that both the plating media and incubation temperature can influence the 
recovery of thymine starved cells, suggesting that part of the toxicity of thymine 
starvation occurs after the starvation period already ended, i.e. during the recovery period. 
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recA mutants recovered using various temperature and media. 
 
The recA mutants showed the widest variations in responses to the starvation temperature 
during TLD that may explain the inconsistencies reported in the literature.  Since we 
found another potential culprit, that the recovery conditions influence TLD kinetics, we 
next focused on checking recovery conditions using recA mutants.   
 
When we kept starvation conditions constant and only changed the temperature of the 
recovery, more CFUs are recovered from recA mutants (Figure 4.17., red/pink lines).  We 
also found that the recA mutants have significantly higher CFU counts if plated on 
M9CAA plates, versus on LB plates (Figure 4.18.B. and D.), the opposite from what we 
observed from rec
+
(compare Figure 4.18.A. to B. and C. to D.). In fact, recA mutants are 
not hypersensitive to TLD compared to rec
+
 at all if the recovery is done using M9CAA 
plates (Figure 4.17.B., 4.5.C. and D.). Therefore, the previous observation that the recA 
mutations are more sensitive to thymine starvation is due to killing after starvation, upon 
plating on LB. The better recovery at higher temperatures is true whether one uses 
M9CAA or LB plates (Figure 4.17., also see Figure 4.5.). Better recovery on M9CAA 
plates than on LB plates is also true at either 22°C or 37°C (Figure 4.18.).  The sensitivity 
to the components and salt concentration of the plating media is also more dramatic in 
recA mutants (Figure 4.19. and 4.20.) 
 
Relationship between starvation temperature, recovery conditions and kinetics of 
TLD. 
 
So far we found that thymine starved cells: 1) recover better at higher temperatures on 
LB and 2) recover better on M9CAA plates compared to LB plates at the same 
temperature for rec
+
 and the vice versa for recA mutants. Conflictingly, if cells are 
recovering better on M9CAA plates because it is less ―rich‖ than LB plates, it should 
recover better at lower temperatures, instead of the higher temperature which we 
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observed. Therefore merely richer medium and faster growth cannot explain the 
sensitivity of thymine starved recA mutants recovering on LB.  
 
We next combined the two factors (recovery temperature versus recovery medium) and 
looked at the survival after a range of starvation temperatures: 22°C, 28°C, 35°C, 37°C, 
42°C and 45°C in MOPS, recovered on LB versus M9CAA plates supplemented with 
thymidine at a constant temperature of 22°C, in recA mutants to examine the relationship 
between starvation and recovery conditions (Figure 4.21.). Surprisingly, recA mutants are 
recovering more when recovered on M9CAA plates than LB plates at all temperatures 
only until 45°C when the two curves coincide. The difference between recovering on LB 
versus M9CAA is the biggest at the lower temperatures (22°C, 28°C, 35°C) compare to 
the higher temperatures (27°C, 42°C and 45°C). I propose that at lower starvation 
temperatures such as 22°C and 28°C, the effect from upshift between starvation and 
recovery are maximal when plated on LB, while there is a minimal upshift if cells were 
starved at higher temperatures such as 45°C and later recovered on the richer medium LB. 
In other words, the additional sensitivity of thymine-starved cells upon plating can be 
minimize when starvation and recovery growth rates are more similar, such as starving at 
45°C in MOPS and recovering at 22°C on LB + thymidine. The opposite, starving at 
22°C in MOPS while recovering at 22°C on LB + thymidine, may induce additional 
damage in thymine-starved cells due to the upshift in nutrients, leading to more inhibition 
or toxicity (further studies are needed to distinguish whether the lower recovery from 
22°C starved cells on LB is due to killing versus inhibition for growth on plates). On the 
other hand, if one only looks at the titer recovered on M9CAA plates that suffered less 
toxicity caused by upshifts than LB plates, the killing is the deepest at 35°C and 37°C 
(Figure 4.21.), which are the temperatures with the fastest growth rates (Figure 4.4.). 
During starvation at 37°C, inactivation of recA cannot provide as much protection against 
TLD as at other temperatures (even though it still more relieved compared to rec
+
). This 
suggests that the unidentified RecA-independent killing mechanism may work best at the 
highest growth rate. We can also explain the unusual response of recA mutants exhibited 
earlier in this chapter (Figure 4.2., 4.3., 4.5.) by two distinct mechanisms working in 
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opposite directions – increasing growth rate will lead to more killing as temperature 
increases, but the killing due to upshifts between starvation and recovery are less severe 
as starvation temperature increases. Since starvation is done in M9CAA, at higher 
temperature the growth rate between starvation and recovery (on LB at 22°C) will 
becomes smaller, and a less upshift. We checked plating of thy
+
 rec
+
 or recA
-
 cells during 
regular growth on LB versus M9CAA and found no inhibition by plating when cells are 
not undergoing TLD (data not shown). We conclude that the kinetics of TLD of recA 
mutants can be further complicated by upshifts between starvation versus recovery. 
 
recA mutants during thymine starvation with both starvation and recovery temperature at 
22°C when using M9CAA media for recovery, no longer show hypersensitivity 
compared to rec
+
 (Figure 4.22.).  Therefore, the initial hypersensitivity observed in both 
Chapter 3 and this Chapter can be explained by the protective role of RecA against 
further toxicity during recovery on LB from thymine starvation.  When conditions that 
minimize changes between starvation and recovery media are used, RecA becomes 
strictly detrimental during thymine starvation, while RecF stay detrimental and RecBCD 
stay beneficial (Figure 4.23.). We conclude that recA mutants are, in fact, more resistant 
to TLD than RecA
+
 cells, but were showing the hypersensitivity at 22°C and 28°C earlier 
in our studies due to the changes between starvation and recovery conditions. 
 
The role of recombinational repair during recovery from thymine starvation. 
 
To test if further damage is indeed accumulated during recovery from thymine starvation, 
we checked how rec
+
 and recA mutants recover from thymine starvation in the same 
liquid media before plating (Figure 4.24.). Thymidine was added into the liquid culture 
after 3 h of starvation, so cells can recover in the same medium and temperature. At 
indicated times, aliquots were taken to be plated for CFU counts. Interestingly, recA 
mutants exhibited a faster rate of recovery kinetics than rec
+
 cells, especially when plated 
on LB (Figure 4.24.A.). The ―hypersensitivity‖ of recA mutants during the first 3 h seen 
by plating on LB is clearly coming from inhibition after the plating when compared to the 
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same culture plated on M9CAA (Figure 4.24.B.).  When cells were given time to recover 
in the same medium before plating, CFUs were very high, leading to the complete 
―rescue‖ of original CFUs in recA mutants after just 1 h of recovering in liquid culture 
with thymidine. Therefore, recovery in the same conditions (M9CAA, liquid medium, 
temperature) for just a short time (the shortest time point taken was after 30 minutes after 
thymidine was added, which is not shown in the plots) can render recA mutants immune 
to the additional damage caused by LB plating. When damage accumulated during 
recovery is minimized, as when plated on M9CAA (Figure 4.24.B.), recA mutants are 1) 
strictly more resistant to TLD than rec
+
, revealing the damage RecA caused during 
thymine starvation, and 2) recovering slightly faster than rec
+
, which we interpret as 
having more replication potential leading to faster growth at the beginning of recovery 
(from 3 h to 4 h). 
 
Finally, none of the recombinational repair mutants we checked (recBCD, recF, recG, 
ruvABC and uvrD) showed the enhanced recovery kinetics seen in recA mutants (Figure 
4.25.). SOS null, constitutive or cell division inhibitor mutants all did not behave like 
recA mutants in this assay, too (Figure 4.26.), indicating that the unique ―detrimental 
during starvation‖ and ―beneficial during recovery with upshifts‖ role of RecA is likely 
its participation in recombinational repair functions (likely to be its homologous strand 
exchange activities) rather than as the inducer of the SOS response. 
 
 
4.4. Discussion 
 
The most important contribution of this work is to establish that studies on survival of E. 
coli during thymine starvation and recovery should take into account post-starvation 
conditions. We showed evidences that thymine starved cells are additionally killed if 
plated on LB, but not on M9CAA, partly due to the NaCl content of LB. This explains 
the inconsistencies between published reports. Although our focus was to examine the 
response of recA mutants to growth conditions, other cellular processes, such as the level 
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of DNA replication inhibition or the level of SOS induction during TLD, may also 
change accordingly.  Further studies on how starvation and recovery conditions change 
these processes should be done. Besides, studies of TLD using very different conditions 
should be compared with caution. 
 
Another important conclusion is that, if one does not change conditions between 
starvation and recovery, recA mutants are strictly more resistant than rec
+
 during TLD in 
our original standard conditions (starvation at 28°C) , which we will continue to use in 
our subsequent chapters. We also provided evidence that RecA is either required to 
overcome damage coming during recovery from thymine starvation, or that RecA can 
prevent these problems being generated after plating (recovery), especially when there is 
a medium richness upshift. Only recA mutants showed such behavior out of all the rec
-
 
mutants checked, including recF.  
 
The conditions of recovery must be carefully considered to accurately study the effect of 
the recA mutation on TLD. Using certain conditions (higher temperatures, plating on low 
salt LB or M9 plates), RecA function is detrimental during thymine starvation. At lower 
starvation temperatures with no upshifts during recovery RecA has only a minor effect, 
when the killing from thymine starvation of rec
+
 is also very minimal to begin with. 
Interestingly, RecA is needed for the cell to maintain survival during recovery on certain 
media (LB with NaCl). This illustrates the multi-faceted challenges cells are facing 
during TLD.  When there are changes in growth conditions, the dominant challenge 
changes accordingly. There are multiple killing mechanisms during thymine starvation, 
and RecA can be detrimental, beneficial, or not involved in these different mechanisms. 
Therefore depending on which killing mechanism is dominant, partly due to condition 
changes, the effect of RecA in thymine starvation becomes different. This explains why 
all studies of thyA recA undergoing TLD so far (Inouye 1971; Anderson and Barbour 
1973; Ahmad 1980; Nakayama, Nakayama et al. 1982; Fonville, Bates et al. 2010; 
Kuong and Kuzminov 2010) showed different kinetics of death, and why there were 
inconsistencies in interpretation of what role RecA is playing in TLD. For example, in the 
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study where recA mutants showed the most resistance to TLD (Inouye 1971) the authors 
did make note that they used M9 plates for recovery. 
 
In this study, after finding out that growth and recovery conditions can influence the 
kinetics of TLD so dramatically, we looked at the survival of double mutants, e.g. recA 
recBCD, again, for a better resolution.  We can now clearly see that the recBCD defect is 
epistatic to the recA defect.  Whether recA mutants have no effect, beneficial effect, or 
detrimental effect, on TLD (depending on conditions), it is still epistatic to all mutations 
checked so far except recBCD. Since the resistance to killing by thymine starvation is 
still the strongest in recF mutants compared to other mutations that can bring relief to 
TLD, the detrimental RecA function should be induced by RecF. In fact, there is also 
evidence that the RecFOR, RecQ and RecA functions contribute to lethality in cells under 
different conditions through toxic recombination, either during disrupted replication or in 
uvrD-, rep-, and ruv- backgrounds (Moore, McGlynn et al. 2003; Flores, Sanchez et al. 
2005; Veaute, Delmas et al. 2005; Lestini and Michel 2007; Magner, Blankschien et al. 
2007; Lestini and Michel 2008). Aside from RecA, RecQ function is also only 
detrimental during thymine starvation at higher temperatures, but not at lower 
temperatures, indicating that RecA and RecQ may be working together for the killing at 
higher temperatures. RecF does not show such a dependence on temperature, being 
consistently more resistant than rec
+
, indicating that its substrate in the cells during 
thymine starvation is presented at all temperatures, even though an unidentified 
mechanism causes a RecF-independent toxicity at higher temperatures.  
 
Interestingly, it was reported that survival of lon
-
 E. coli after thymine starvation is 
affected by the choice of the plating medium  (Walker and Smith 1970). The lon
-
 mutants 
are defective in the protease that degrades the SOS induced cell division inhibitor SulA. 
Both lon
+
 and lon
-
 strains growing in glucose-minimal medium were starved of thymine 
and plated at intervals using two different types of media. If plated on YET (yeast-
extract-trptone) agar, the lon
-
 cells filamented and did not form colonies, resulting in a 
lower survival compared to lon
+
 cells. If plated on minimal medium, lon
-
 mutants initially 
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grew into filaments, but the filaments were able to form viable cells and contribute to the 
increase of CFUs resulting in the same survival compared to lon
+
 cells. Also, UV 
sensitivity of lon- mutants is reversible by plating on minimal medium (Howard-Flanders, 
Simson et al. 1964). Therefore, my findings that recA mutants are sensitive to plating on 
rich medium after thymine starvation (a DNA damaging situation) may have a more 
general link with other situations when cells are recovering from DNA damage. 
 
Killing during the recovery when cells recover on plates with thymine is not unique to 
recA mutants. As discussed in Chapter 1 (section 1.4.3), when chloramphenicol was 
added during recovery (re-addition of thymine) in the liquid culture in the midst of the 
killing, very fast kinetics of recovery of titer was observed, as if rec
+
 cells all recovered 
immediately, compared to when only thymine was added, and a mild recovery could even 
be observed in the absence of thymine (Cummings and Kusy 1969). Chloramphenicol 
interferes with translation of proteins, as well as transcription to a lesser extent. This 
result may be explained by chloramphenicol treatment lowering RecA protein levels via 
inhibiting translation. 
 
Finally, the finding that the recovery of all thymine starved cells can be influenced by the 
plate incubation temperature, with more recovery (from the same culture) if the plates 
were incubated at higher temperature, shows that part of the killing / inhibition from 
thymine starvation comes from the recovery period, after thymine is available again. 
Post-starvation conditions affecting final CFUs recovered implies that there can be 
additional killing coming from the recovery period, which is often neglected. It will be 
important in future genetics studies to clarify whether the effect of any mutations being 
studied is coming from the starvation or the recovery period. 
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4.5. Conclusions 
 
The enigmatic phenomenon of thymineless death (TLD) emphasizes the delicate and 
complicated interplay between DNA replication and recombinational repair of 
chromosomal lesions.  In E. coli, the model organism where TLD was originally 
discovered and most extensively studied, auxotrophic thyA mutants are used to induce 
TLD.  The mechanisms of TLD remain unclear after decades of extensive studies, but 
various recombinational repair functions in E. coli have been shown to either relieve or 
exacerbate TLD.  During the history of investigation of TLD, individual laboratories used 
diverse growth and plating conditions, apparently assuming that these would not affect 
the TLD parameters.  However, the effects of temperature and growth/plating media on 
TLD had never been systematically documented during more than 5 decades of TLD 
research.  We suspected that the exquisite sensitivity of TLD to growth conditions may 
explain the various discrepancies between studies.  We also examined the killing through 
damage accumulated during T-starvation, as well as the damage that only showed during 
subsequent recovery in the presence of thymine.   
 
This chapter provides the evidences that: 1) TLD kinetics are extremely sensitive to 
growth conditions, including the temperature in which cells were starved and recovered.  
2) TLD is the result of more than one mechanism of killing, and RecA- catalyzed actions 
(at high temperatures) is only one of them, 3) The survival of recA mutants is particularly 
sensitive to upshifts in the media richness or to salt content of the plating medium, 4) 
There are two different periods when toxic damage can accumulates: during thymine 
starvation, or during the recovery, when additional damage occurs in the presence of 
thymine, and 5) Interpretation of results of TLD studies can be inaccurate if growth 
condition differences are ignored. We established a general understanding in this study 
that RecA action contributes to the killing mechanism during thymine starvation, and in 
our next chapters we will focus on elucidating what this toxic action is. 
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4.6. Figures 
 
 
 
 
Figure 4.1. Parameters used in this study, as illustrated by the 3 periods defined during TLD 
studies protocol. 
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Figure 4.2.  TLD survival for A: thyA mutant (KKW58) and B: thy recA mutants (KJK 61) at 
different starvation temperatures: 22°C, 28°C, 37°C and 42°C. Data based on 6 to 9  repetitions. 
All error bars indicating standard error unless otherwise indicated. 
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A.     B. 
 
C.     D. 
 
Figure 4.3. TLD survival of thy and thy recA mutants graphed according to starvation 
temperatures. A: 22°C, B: 42°C, C 30°C and D: 37°C. Conditions are as described in previous 
figures. 
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Figure 4.4. OD measurements of KKW 58 growing in the presence of thymine in MOPS medium 
at different temperatures: 22°C, 28°C, 35°C, 37°C, 42°C, and 45°C. OD values were normalized 
to 0 h as 1, plotted in logarithmic scale, from three separate repetitions, generated with the help 
from Ms. Eileen Hou. 
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A.     B. 
 
C.     D. 
 
Figure 4.5. thyA mutants and thyA recA635 mutants (KJK 221) starved at 28°C (A. and C.) and 
45°C (B. and D.), recovered on LB + thymidine (A. and B.) or M9CAA + thymidine at 22°C (C. 
and D.). 
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Figure 4.6. thy recBCD mutants (KJK 6) pre-growth at 28°C, then starved at various 
temperatures indicated, recovered on LB + thymidine at 22°C. 
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Figure 4.7. thy ruvABC mutants (KJK 65) pre-growth at 28°C, then starved at various 
temperatures indicated, recovered on LB + thymidine at 22°C. 
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Figure 4.8  thy uvrD mutants (KJK 112) pre-growth at 28°C, then starved at various temperatures 
indicated, recovered on LB + thymidine at 22°C. 
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Figure 4.9. thy recF mutants (KJK 67) pre-growth at 28°C, then starved at various temperatures 
indicated, recovered on LB + thymidine at 22°C. 
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A.      B. 
 
C.      D. 
 
Figure 4.10.  TLD survival of rec
+,
 recBCD, recF, ruvABC and uvrD mutants graphed according 
to starvation temperatures. A: 22°C, B: 28°C, C 37°C and D: 42°C. Conditions are as described in 
previous figures. Summary from 2 – 4 repetitions except for uvrD mutants (single run). 
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A. 
 
 
B. 
 
Figure 4.11.  lexA71 sulA (SOS constitutive) (KJK 123). sulA (KJK 106), and lexA3 (SOS null) 
(KJK 116) mutants during TLD at various starvation temperatures indicated (22°C, 28°C and 
42°C).  A: Graph according to mutants, indicating faster death as temperature increases.  B:  
Graph according to temperature, combined with rec+ and recA mutants (bolded lines), indicating 
that all SOS/cell division mutants do not behave like recA mutants. Y-axis (survival) values based 
on CFU counted in logarithmic scale, the normalized to value at 0h as 1.  Data based on 4 
repetitions. 
  
154 
 
A.     B. 
 
C.     D. 
 
Figure 4.12.  recG (KJK 68) mutants (bolded red lines) during TLD at various starvation 
temperatures indicated (A: 22°C, B: 28°C, C: 37°C and D: 42°C), combined with thy- rec+ 
mutants (bolded blue lines). TLD kinetics of recA and ruvABC mutants are included in this graph 
for reference. 
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Figure 4.13. thy recG mutants pre-growth at 28°C, then starved at various temperatures indicated 
in the legend, recovered on LB + thymidine at 22°C. 
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Figure 4.14. TLD survival of thy recQ mutants (KJK 164).  Pre-growth was at 28°C, then starved 
at various temperatures indicated (22°C, 28°C or 42°C), recovered on LB + thymidine at 22°C, 
compared to rec
+
. 
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A. 
 
B. 
 
Figure 4.15. TLD survival of thy recA recBCD mutants (KJK 164).  Pre-growth was at 28°C, 
then starved at A:22°C and B: 42°C, recovered on LB + thymidine at 22°C, compared to rec
+.
 
Data based on 3 repetitions. 
42°C 
22°C 
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A. 
 
B. 
 
Figure 4.16. TLD survival of thy recA ruvABC mutants (KJK 190).  Pre-growth was at 28°C, 
then starved at A:22°C and B: 42°C, recovered on LB + thymidine at 22°C, compared to rec
+.
 
Data based on 3 repetitions. 
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A. 
 
B. 
 
Figure 4.17.  TLD survival of thy and thy recA635 mutants, with the same culture recovered 
using different temperatures or plating media. Pre-growth and starvation were at 28°C in MOPS, 
and at indicated time points cells were aliquoted for serial dilution before plating. Data plotted to 
have the difference between the temperatures emphasized.  A: thy and thy recA mutants recovered 
on LB plates with thymidine incubated at 22°C or 37°C. B: thy and thy recA mutants recovered 
on M9CAA plates with thymidine incubated at 22°C or 37°C. Data based on 2 to 4 repetitions. 
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A.            B. 
 
C.             D. 
 
Figure 4.18. Data used for plotting are the same as Figure 4.18., with emphasis on plating media 
differences. TLD survival of thy mutants, recovered on plates incubated at A:22°C and B: 37°C, 
using either LB or M9CAA plates with thymidine. TLD survival of thy recA635 mutants, on 
plates incubated at C:22°C and D: 37°C, using either LB or M9CAA plates with thymidine. Data 
based on 2 to 4 repetitions. 
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A.      B. 
 
 
Figure 4.19. Recovery of A. thy mutants and B. thy recA635 mutants from TLD on plates with 
various media as indicated supplemented with thymidine, incubated at 22°C.  Pregrowth and 
starvation were both at 28°C. ―LB no NaCl‖ was made with regular LB recipe minus NaCl. 
Components of TB (Tryptone Broth): 10 g Tryptone and 5 g NaCl per 1 Liter (L), BBL: 10 g 
Trypticase, 5 g NaCl and 250 μl 4 M NaOH per 1 L,  TRP: 10 g Tryptone per 1 L. 
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A. 
 
B. 
 
 
Figure 4.20.  A: thy mutants and B: thy recA635 mutants recovering from TLD on plates with LB 
with 0, 1X, 2X and 5X NaCl in our LB recipe. Plates were incubated at 22°C. Pre-growth and 
starvation were both at 28°C. 
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Figure 4.21. thy recA306 mutants undergoing thymine starvation at temperatures indicated (22°C, 
28°C, 35°C, 37°C, 42°C and 45°C), then recovered on either LB or M9CAA plates supplemented 
with thymidine at 22°C.  Data were based on 2 repetitions, generated with the help from Ms. 
Eileen Hou. 
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Figure 4.22. thyA mutants and thyA recA635 mutants starved for thymine at 22°C after pre-
growth at 28°C in MOPS, recovered on LB + thymidine at 22°C (A.) or M9CAA + thymidine at 
22°C (B.). 
A B 
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Figure 4.23. TLD survival of rec
+,
 recBCD, recF, and recA mutants with no changes in 
conditions. Pre-growth, starvation and recovery all done in M9CAA (± thymidine), with pre-
growth and starvation at 28°C and recovery at 22°C. Data generated with the help from Ms. 
Eileen Hou. 
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A. 
 
B. 
 
Figure 4.24. Kinetics of recovery of thyA mutants and thyA recA306 mutants. Pre-growth and 
starvation were carried out at 28°C in M9CAA. From 0 h to 3 h, cells were starved of thymidine 
in liquid culture.  At 3 h (arrow indicating in A.), 10 μg/ml thymidine was added into the liquid 
culture. At indicated time points, aliquots were taken, serially diluted and plated on A: LB with 
thymidine or B: M9CAA with thymidine.  Data based on 2 to 5 repetitions. 
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Figure 4.25. Kinetics of recovery of thyA recBCD, thy recF, thy recG, thy ruvABC and thy uvrD 
mutants.  Conditions as described above in Figure 4.25.,plating on LB with thymidine. Data 
based on 2 to 3 repetitions. 
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Figure 4.26. Kinetics of recovery of lexA71 sulA (SOS constitutive), sulA, and lexA3 (SOS null) 
mutants. Data from recA was ploted in dotted lines for reference. Conditions as described above 
in Figure 4.25., plating on LB with thymidine. Data based on 2 repetitions. 
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CHAPTER FIVE 
 
RecA Actions Lead to Localized Chromosomal Damage during 
Thymineless Death in Escherichia coli 
 
5.1. Introduction 
 
Thymine-starvation (T-starvation), the inability to synthesize DNA precursor dTTP due 
to the combination of thymidylate synthase (thyA) deficiency and unavailability of 
exogenous thymine or thymidine (dT), causes death in bacterial and eukaryotic cells alike 
(Ahmad, Kirk et al. 1998) (also described in section 1.1.2. and 1.2.). The underlying 
mechanisms of cell death have remained an enigma for over a half a century. Until 
recently, the most popular explanations of TLD assumed massive wrong nucleotide 
incorporation with subsequent excision, causing either double-strand breaks or 
uncontrolled homologous recombination (Ahmad, Kirk et al. 1998) (also described in 
section 1.11. and 3.1.). While confirming that certain homologous recombination 
functions do play a key role in TLD, and double-strand breaks are indeed induced by 
thymine starvation, we showed in Chapter 3 that there is no incorrect nucleotide 
incorporation, and the real trigger of the lethal events is replication fork stalling, which 
precipitates poisonous action by recombinational repair activities (Kuong and Kuzminov 
2010). 
 
In this work, we will test our hypothesis that the basis of TLD comes from replication 
fork stalling due to lack of one of the DNA precursors, eventually translating into 
persistent single-strand gaps in the nascent DNA strands behind the replication forks 
(Figure 5.1.), we will provide a model of how these gaps lead to death. Similar daughter-
strand gaps accumulate upon replication of DNA with unremoved UV-lesions (Rupp and 
Howard-Flanders 1968) and are substrates for the daughter-strand gap repair pathway, 
initiated by RecFOR and catalyzed by RecA in E. coli [(Rupp, Wilde et al. 1971), 
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reviewed in (Kuzminov 1999)]. We proposed the same scenario for T-starved cells 
(Kuong and Kuzminov 2010) (Figure 5.1.). The final result of this attempted daughter-
strand gap repair would be formation of persistent repair structures (detectable as 
branched DNA) behind the slowly-advancing replication forks, in which ss-gap closure is 
further delayed by RecA interference (Figure 5.1.). The idea that unfinished daughter-
strand gap repair is the poisoning event during T-starvation is supported by the fact that 
mutations in recF and recO alleviates TLD (Nakayama, Nakayama et al. 1982; 
Nakayama, Shiota et al. 1988), and the recA mutation also does so (Inouye 1971; Ahmad 
1980; Fonville, Bates et al. 2010)(Figure 3.6. and 4.24). Furthermore, formation of 
extensively branched DNA, dependent on RecA and RecF, is a hall-mark of T-starvation 
(Nakayama, Kusano et al. 1994). We propose that one possible detrimental role of RecA 
in TLD is the generation of locked structures due to futile repair of ss-gaps (Figure 
5.3.A.).  
 
However, it is unclear how this attempted ss-gap repair contributes to the prominently 
observed double-strand breaks (DSBs) in TLD(Nakayama, Nakayama et al. 1982; 
Guarino, Salguero et al. 2007; Kuong and Kuzminov 2010), or if these DSBs are indeed 
the cause of lethality. Survival through the early time points of TLD are dependent on 
RecBCD , but not RecA (Figure 3.6.C. and 4.15,), and a model to explain how these two 
recombinational repair players have opposite effects on TLD is lacking.  
 
Part of the reason TLD is still an enigma is the absence of methods to label DNA during 
T-starvation, as addition of 
3
H-thymidine, the only known specific DNA label, instantly 
relieves starvation. Recently, we described a novel method to label DNA during T-
starvation using 
32
P (see section 2.2.) (Kuong and Kuzminov 2009). Here we employed 
this DNA labeling technique, as well as the marker-frequency analysis with gene arrays 
to test various predictions of the futile replication idea in Rec+ cells, as well as in recA 
and recBCD mutants. Another part of the TLD conundrum is the tendency of researchers, 
even when faced with complex phenomena, to seek simple explanations. Since a variety 
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of simple explanations of TLD did not work in the past, we were prepared to explore a 
multi-stage, complex explanation for this enigmatic phenomenon.   
 
 
5.2. Materials and methods 
 
For strains and growth conditions used in this study, please refer to Chapter 3, section 3.2. 
Materials and methods, except that in this study all cultures were undergoing TLD in 
MOPS medium, due to better 
32
P-orthophosphate incorporation for DNA labeling studies. 
 
Measurement of DNA synthesis with 
3
H-thymidine. 
 
Please refer to Chapter 2, section 2.2. Materials and methods. 
 
Phenol extraction of total DNA. 
 
Cells were processed according to the standard protocol for TLD kinetics. At indicated 
time points, 2 ml of cultures were aliquotted, cells were collected by centrifugation, and 
pellets were resuspended in 50 μl of 30% sucrose in TE buffer. To this suspensions, 350 
μl of 2% SDS in TE buffer were added, the content of the tubes was mixed by inversion, 
and the tubes were incubated at 70°C for 5 minutes or until suspecnsions were 
completely cleared.  These lysates were extracted once with 400 µl of phenol, followed 
by 5 min centrifugation at 13,000 g and organic phase removal, then once with 400 µl 
mixture of phenol-chloroform (1:1), then once with 400 µl of chloroform. After 
chloroform removal and one more 1 minute centrifugation, the aqueous phase was 
transferred into a fresh microcentrifuge tube, and DNA was precipitated by adding 20 µl 
of 4 M KCl and 1 ml of ethanol. DNA was dissolved for at least 1 hour in 480 µl of TE 
with periodic vortexing and reprecipitated as above. After the second ethanol removal, 
DNA was dissolved in 100 µl of TE and quantified by Hoefer DyNA quant 200 
fluorometer. The amount of DNA at each time point was then normalized to the amount 
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of DNA extracted from the culture at the point of resuspension in the medium without 
thymidine.  
 
Measuring the rate of DNA synthesis by 
32
P-orthophosphate incorporation and 
alkaline gel electrophoresis. 
 
Experiments were performed as previously described in Chapter 2 (Kuong and Kuzminov 
2009) except for the following modifications:  cells were grown in MOPS with 10 µg/ml 
thymidine until OD600 ~ 0.1, then the supplementing thymidine was removed by 
collecting cells on nitrocellulose membrane filters (type 0.22 µm GS, Millipore), 
followed by washes with 3 volumes of 1% NaCl and final resuspension in MOPS, but 
this time without thymidine;  thyA cultures were grown at 30°C throughout the 
experiment;  dnaB22(ts) were grown at 30°C until OD600 ~ 0.1 and then were switched to 
42°C, concurrently with thymidine removal from ∆thyA cultures. At each indicated time 
point, 1.8 ml aliquots of cultures were taken for OD600 measurement, and then 20µCi 
32
P-
orthophosphate was added to the aliquot, and the aliquot was shaken for 10 min at 30°C 
for 
32
P-orthophosphate incorporation before cells were collected for making agarose 
plugs. The same volume of cells was used in each plug regardless of the OD600 increase, 
because the OD600 increase is mostly due to cell filamentation instead of the actual 
increase of chromosomal content. Since DNaseI treatment of the plug confirmed that 
everything at the top of the gel is in fact DNA species (not shown), the signals from both 
the wells and the lane were taken into account.  As positive controls, ∆thyA cultures 
supplemented with thymidine and dnaB22(Ts) cultures grown at 30°C throughout were 
used (data not shown). 
 
Accumulation of the newly-synthesized DNA by 
32
P-orthophosphate incorporation 
and alkaline gel electrophoresis. 
 
Experiments were performed as described above in the protocol for rate measurements 
except that 20 µCi
 32
P-orthophosphate were added to the whole culture right after ∆thyA 
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mutant cells were resuspended in MOPS medium without thymidine, and at each time 
point the same volume of labeled cultures was taken to be processed into agarose plugs 
for subsequent alkaline gel electrophoresis. Protocol for agarose plugs processing was 
described in Chapter 2, section 2.2. Materials and methods. 
 
Measuring stability of the newly-synthesized DNA by 
32
P-orthophosphate 
incorporation and alkaline gel electrophoresis. 
 
Experiments were performed as described above in the protocol for rate measurements 
except that 20 µCi 
32
P-orthophosphate were added to the whole culture right after ∆thyA 
mutant cells were resuspended in MOPS medium without thymidine for 1 h, and then the 
32
P-orthophosphate was removed from the medium by centrifugation, and cells were 
resuspended in MOPS medium only.  Then at each indicated time points, 200 µl aliquots 
of cultres were taken to be processed into agarose plugs for subsequent alkaline gel 
electrophoresis were done. 
 
Marker frequency analysis by dot-blot hybridization to determine ori:ter ratio.  
 
Cultures grown in MOPS with thymidine at 30°C were grown until OD ~ 0.1, then 
thymidine was removed by filtering as described in chapter 3, section 3.2. Materials and 
methods, and cells were resuspend in the MOPS medium.  At indicated time points, total 
DNA was extracted by either phenol:chloroform method (above) or by the Genome 
Wizard kit (Promega). OD600 was measured, and the same culture volume (10 ml) was 
used for DNA extraction at each time point. Samples were treated with RNAse for 10 
min at 37°C (0.4 µl of 10 mg/ml) after lysing and before phenol step if DNA was isolated 
by phenol:chloroform extraction.  Ori and Ter probes were made from gel-purified 2 kb 
PCR fragments as described (Kouzminova and Kuzminov 2006). Probe was made using 
the random priming NEBlot kit (New England Biolabs).  The amount of DNA isolated 
from each sample was quantified using DyNA Quant, and 200 ng from each samples was 
denatured in 0.1 M NaOH for 15 minutes at 37°C and spotted on a positively-charged 
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Nylon membrane (Amersham) using a vacuum manifold.  After UV cross-linking, 
membrane was divided in 2 halves with one half being hybridized to ori-probe and other 
half to ter-probe.  Hybridization conditions were as described (Kouzminova and 
Kuzminov 2006). 
 
Marker frequency analysis by microarray analysis. 
 
Marker frequency analysis was carried out with the Affymetrix GeneChip E. COLI 
Genome 2.0 Arrays.  Sequence information for this array was provided from ASAP 
database (E. coli Genome Project; University of Wisconsin-Madison) and the NCBI 
public database.  Signals from the 4070 Coding Sequences (CDS) corresponding to K-12 
(MG1655 strain) were used.  Each sequence in the arrays is represented by the probe set 
containing 11 probe pairs of 25-mer oligonucleotides.   
 
Total DNA was purified by the Genome Wizard Kit (Promega) from 15-20 ml of cultures 
grown in MOPS at the time point indicated after removal of thymidine. DNA was labeled 
with BioPrime DNA labeling Kit (Invitrogen) as described (Kouzminova and Kuzminov 
2008) except that the amount of DNA used to set up the reaction ranges from 100 ng to 
400 ng, which did not affect the yield.  Hybridization conditions, scanning and data 
quality control were done as described (Kouzminova and Kuzminov 2008). Copy number 
of individual open reading frames was normalized to the corresponding signal intensities 
of the reference strain, which was AB1157 grown in the presence of chloramphenicol for 
2 h to align the chromosome (ori:ter = 1:1).   Values were then further normalized to the 
average value of 76 CDSs covering about 100 kbp of the terminus region of the E. coli 
chromosome around the dif site (Figure 5.11.) or 100 CDs covering chromosomal map 
position 294520 bp to 410521 bp, based on E. coli K-12 MG1655 genome (Figure 5.12.). 
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5.3. Results 
 
The extent and the rate of DNA synthesis during TLD. 
 
The idea of attempted ss-gap repair events behind T-starved replication forks depends on 
the significant replication fork movement in T-starved cells, while it is unclear how much 
replication can progress in the absence of dTTP.  However, DNA replication in T-starved 
cells was never measured directly, as the only DNA-specific label, 
3
H-thymidine, 
immediately relieves T-starvation. We developed a novel protocol to measure DNA 
synthesis in T-starved cells by employing 
32
P-orthophosphate, lysing cells in agarose 
plugs and separating DNA from other
 32
P-labeled species by alkaline gel electrophoresis 
(Chapter 2) (Kuong and Kuzminov 2009). We have shown that DNA synthesis rate drops 
to less than 10% of the original rate after the first hour of thymine starvation (Figure 
2.2.C. and 3.1.A.) in chapter 2 and 3. We next check the extent of replication after 
thymine starvation by labeling DNA after removal of dT, and found that during the first 
30 minutes of thymine starvation the accumulation of new 
32
P label in the chromosomal 
DNA in the absence of dT is only 3 times lower than that in cells growing in the presence 
of dT, and this difference becomes 25-fold after 4.5 hours incubation (Figure 5.2.A.).  
Nevertheless, there is an apparent accumulation of newly-synthesized DNA from 
replication in the absence of dT. 
 
We next measured the amount of the total chromosomal DNA from T-starved cultures by 
isolating total DNA by another method, phenol extraction.  We found that the total DNA 
content gradually increases during the first two hours up to 1.7x (if the pre-starvation 
DNA amount is taken for 1), but then decreased to 1.3x level (Figure 5.2.B.). The 
measurements of the rate of thymineless DNA synthesis further corroborate the reality of 
the overall DNA increase: the rate at 30 minutes of T-starvation is still about 10% of the 
rate in the presence of dT, and slowly diminishes to 5% by three hours of thymine 
starvation (Figure 5.2.C.). Surprisingly, this rate is not significantly influenced by 
inactivation of recombinational repair due to either the recA or recBCD mutations (Figure 
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5.2.C.), despite their contrasting difference in affecting viability during survival (Figure 
3.5. and 4.24.). We conclude that there is a significant new DNA accumulation during T-
starvation, with the rate of this accumulation getting progressively lower, and with a 
possibility of DNA loss during the RED phase. In addition, recombination repair cannot 
affect the restoration or destruction of functional replication forks during T-starvation.   
 
Replication fork disintegration versus initiation during T-starvation. 
 
Multiple ss-gap repair events mean that each T-starved replication fork leaves a trail of 
replisomes working on RecA-associated ss-gaps they are gradually filling and even 
replication fork frameworks, formed by overlapping gaps, which should attract complete 
replisomes via PriA-promoted loading (Figure 5.3.A.). Or, stalled replisomes may stay at 
the replication forks, waiting for dT to be restored to go active.  If either of the above is 
true, then T-starvation should induce a several-fold increase in the number of functional 
replication points that would go active if thymidine is restored. We determined the 
overall number of functional replication points during T-starvation by measuring the rate 
of 
3
H- thymidine incorporation in aliquots withdrawn at various times from T-starving 
cultures. In growing cells, the rate of DNA synthesis is expressed per cell mass, by 
normalization to the optical density of the culture. When we applied this standard 
protocol to T-starved cells, we did observe a brief jump in the number of replication forks 
(Figure 5.3.B.), which our Thy
+
 control also shows. However, the magnitude of this 
increase was small, showing that there are no additional replisomes accumulated waiting 
for the restoration of thymine for progressing.  
 
Interestingly, after the brief increase, the number of active replication forks per OD 
shows a bi-phasic fall (Figure 5.3.B.), leveling off at around 50% after one hour and then 
again accelerating after two hours without thymine, which also marks the end of the 
resistance period under our conditions (Figure 5.3.B.). Altogether, this result indicates 
that, T-starvation not only does not induce more replication points, it dramatically 
destabilizes the existing replication forks, render them inactive even dT is restored. 
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Cells undergoing TLD continue to elongate (Cummings and Mondale 1967; Fonville, 
Bates et al. 2010), so OD of the culture increases, while DNA synthesis is lowered and 
initiation could have stopped — a situation which might lead to overestimation of the 
replication fork loss during T-starvation, if done by the standard protocol. Therefore, we 
performed the same experiment using the same volume of aliquots from the cultures at 
each time point, assuming that OD increases due to filamentation but not because of cell 
division.  This will indicate the number of functional replication forks per cell during 
TLD when CFUs counts do not increase in parallel with OD. There was only 50% 
decrease by 3 h of T-starvation (Figure 5.3.C.). In other words, there are still significant 
numbers of functional replication points per cell after hours of T-starvation. 
  
Since recombinational proteins was shown to be involved in rescuing disintegrated 
replication forks (Kuzminov 1999; Michel, Grompone et al. 2004; Michel, Boubakri et al. 
2007), we measured the contribution of recombinational repair to the replication fork 
maintenance during T-starvation, expecting a decrease in function replication forks in 
rec
-
 mutants. Instead, we found the same rate of replication fork inactivation in T-starved 
recA and recBCD mutant cells (Figure 5.3.C.). On the contrary, the level of DNA 
synthesis in the recA mutants over the course of T-starvation were significantly elevated 
over the rec
+
 ones, suggesting that the RecA
+
 activity may instead contribute to the 
replication fork inactivation instead of restoring them during T-starvation.  
 
The behavior of the chromosomal origin and terminus during thymine starvation. 
 
The detected replication potential so far in this study may come from either newly 
initiated replication or existing replication forks after thymine starvation.  To distinguish 
between the two, we specifically check the effect of T-starvation on the initiation of 
chromosomal replication by measuring the ori/ter ratio in ∆thyA cells with and without 
thymidine. If T-starved cells continue to initiate new rounds of replication while the 
existing replications are stalled, there should be an increase of ori/ter ratio detected.  The 
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ori/ter ratio in the non-starving cells decreases from three to two over the period of four 
hours, reflecting slowing down of the cell growth in transition to stationary phase (Figure 
5.4.A.). In contrast, we found that the ori/ter ratio in T-starved cells rapidly increases 
from four to 6.5 and then gradually decreases to 3 (Figure 5.4.A).  
 
Thus, the effect of T-starvation on initiation turned out to be complex. To examine 
whether it is the origin or the terminus that contributed the characteristic increase and 
decrease of the ori/ter ratio during TLD, we follow the amount of origin DNA versus 
terminus DNA in T-starved cells by normalizing to their corresponding initial values at 0 
h. We found that T-starvation causes the origin DNA to increase two-fold, but then to 
decrease sharply to the pre-starvation level or lower (Figure 5.4.B.). The terminus DNA 
goes through a similar dynamics, but to a lesser extent than that of the origin (Figure 
5.4.B.). 
 
Thus, instead of accumulation of replication forks due to continues initiation, we found 
that T-starvation causes an initiation spike of origin at the beginning (first 30 mins) only. 
The most unexpected and insightful finding was the origin and terminus disappearance, 
which clearly preceded the beginning of the RED phase. In fact, since there is no 
additional origin or terminus DNA disappearance during the RED phase, which begins 
after two hours of T-starvation (Figure 5.4.B.) — this origin loss may be itself the trigger 
of the killing mechanism during thymine starvation. 
 
In the thyA recBCD mutants, the ori/ter ratio (Figure 5.5.A. ) and the amounts of the 
origin DNA (Figure 5.5.B.) showed a mild increase during T-starvation, indicating that 
origin DNA disappearance in Rec
+
 cells is likely due to DNA degradation starting from 
DSBs by RecBCD. This implies that there are DSBs formed close to the origin during T-
starvation. recBCD mutants showed loss of the terminus region too, and even thy
+
 
recBCD mutants had fewer termini per copy of origin as evident by the higher ori/ter 
ratio of 6:1 instead of the 3:1 in recBCD
+ 
(Figure 5.4.A. and 5.5.A.). Since the results of 
the preceding assays already demonstrated that the recA mutant cells behave differently 
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from rec
+
 or recBCD mutant cells during T-starvation, we expected a different behavior 
in this assay, too. Indeed, we found that T-starvation in the recA mutants causes ever 
increasing ori/ter ratio (Figure 5.6.), with no loss of origin or terminus DNA (Fig. 5.7.). 
We conclude that 1) both the Rec+ and recA mutant cells initiate new replication rounds 
during thymine starvation, but this is shortly followed by ori-DNA destruction likely 
mediated by RecBCD and/or RecA; 2) the extent of ori-DNA disappearance in the Rec+ 
cells is not enough to explain the 3 orders of magnitude loss of titer during TLD, but it 
precedes TLD and recombinational repair shows a direct involvement in its dynamics. 
With the strong effect of recA and recBCD mutantions in TLD survival, therefore, the 
origin and terminus statues may be a key for us to understand the cause of TLD. Our 
findings about the chromosomal events in T-starved cells preceding rapid exponential 
death, and possible mechanisms behind them, are schematically illustrated in Figure 5.8. 
 
A new model of the replication fork problems. 
 
So far, we know that in the T-starved cells: 1) there is no massive induction nor 
destruction of replication forks during TLD; 2) a significant DNA synthesis remains 
during thymine starvation, with the overall increase of at least 1.3-fold (possibly even 
higher at the early time points); 3) there is a spike of new initiations at the origin, with 
subsequent origin destruction. Overall, the chromosome shifted into a new dynamic 
during T-starvation, with changes happening both at the stalling replication forks and at 
the replication origin.  Most importantly, we have evidence that the T-starved cells were 
inducing new replication rounds from the origin and these new replication forks can 
progress significantly. We realized that the futile replication forks generated by futile ss-
gap repair (Figure 5.1. and 5.3.A.) could provide a passive physical barrier for the 
replication forks of the next round of replication, which would disintegrate upon reaching 
the block in an event known as "replication fork rear-ending" (Figure 5.9.A.). The 
replication fork rear-ending model has two strong predictions: both DNA degradation (i) 
and chromosomal fragmentation (ii) during T-starvation should be restricted to the 
  
180 
newly-replicated DNA without effect on the template DNA strands, synthesized before 
T-starvation.  
 
Stability of chromosomal DNA during thymine starvation. 
 
We first inquired whether the detected DNA disappearance involved DNA synthesized 
before ("old DNA") or after T –starvation ("new DNA"). For this, we labeled 
chromosomal DNA of ∆thyA cells with 3H-dT during growth in the presence of 
thymidine, removed both the radioactive and cold thymidine to start T-starvation and 
then monitored stability of this pre-labeled ("old") DNA during T-starvation. We detected 
no loss of the pre-labeled DNA over the course of thymineless death in Rec
+
 cells (Figure 
5.9.B.) (thus, there was no reason to check the recBCD mutants for old DNA degradation, 
because DNA degradation is much lower  in the absence of RecBCD). The recA mutant 
cells, which are known to lose chromosomal DNA material even without T-starvation 
(Willetts and Clark 1969; Capaldo and Barbour 1975; Zahradka, Buljubasic et al. 2009), 
served as a positive control for our ability to detect the loss of "old" chromosomal DNA. 
The thyA recA double mutant lost 20% of its old DNA during the same time, but 
independently of T-starvation (Figure 5.9.B.). We conclude that, during T-starvation, 
there is no massive destruction of the template DNA synthesized during the preceding 
growth in the presence of thymidine, although the sensitivity of our assay does not allow 
us to exclude the possibility of a small-scale local DNA loss. 
 
We next used 
32
P-orthophosphate labeling of chromosomal DNA followed by separation 
in alkaline agarose to measure the stability of the DNA synthesized during T-starvation 
(Figure 5.9.C). For this, we labeled DNA by
32
P-label for 1.5 hours after dT removal, then 
removed the 
32
P-label and followed the fate of the 
32
P-labeled chromosomal DNA. We 
found that in the "+dT control" control (grown in the presence of dT after the removal of 
32
P-orthophosphate), the DNA label continues to accumulate for another 30 minutes, 
likely due to the label redistribution from RNA, then plateaus.  This will not affect our 
results for T-starved cells since the plateau occurred before we take our next time point 
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for T-starved samples (Figure 5.9.C.). The 
32
P-DNA content remains stable after dT was 
restored in the Rec
+
 strain, but in recA and recBC mutants the restoration is less (Figure 
5.9.C, the top three curves).  This reflects that the rec
-
 defects may have affected the cells 
to restore replication when dT is available again. The T-starved Rec
+
 cells start losing 
newly-synthesized DNA soon after the start of the RED phase, the total loss amounting to 
25% over 3.5 hours (Figure 5.9.C). The T-starved recBCD mutants also lose a similar 
fraction of their 
32
P-DNA radioactivity towards the end of the monitoring period (Figure 
5.9.C). Not surprisingly, the T-starved recA mutant shows significant loss of 
32
P-DNA 
label (65% over 3.5 hours) (Figure 5.9.C). We conclude that the DNA synthesized during 
T-starvation is partially unstable and is further destabilized in recA mutants.  
 
The relative stability of the "old" DNA and instability of the "new" DNA indicates that 
loss of DNA due to DSBs may happen in DNA that was replicated at least twice since the 
beginning of T-starvation. Since the rate of DNA synthesis is low during T-starvation, the 
requirement for two replication rounds also means that these double-strand breaks must 
be happening relatively close to the replication origin. 
 
Chromosomal fragmentation during thymine starvation. 
 
Next we tested whether this preferential degradation of new DNA is due to DSBs 
targeting the newly-synthesized DNA. We already showed before that T-starvation 
induces chromosomal fragmentation, both in recBCD mutants and in Rec
+
 cells, 
indicating irreparable double-strand breaks (Figure 3.2.) (Kuong and Kuzminov 2010), 
but the general nature of these DSBs remains unknown. Our previous protocol labels both 
DNA synthesized before and after thymine starvation. To establish whether this 
chromosomal fragmentation affects all DNA strands, or only those synthesized before or 
after T-starvation, we used the pre- and post-labeling protocol in combination with 
pulsed-field gel electrophoresis to detect subchromosomal fragments after 4 h of TLD 
(Figure 5.10.A.). We found that the level of T-starvation-induced fragmentation in the 
pre-labeled DNA strands (synthesized before T-starvation) is significantly lower than 
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fragmentation in DNA that was labeled in the post-labeled DNA synthesized during 
thymine starvation (Figure 5.10.A.). Thus, fragmentation indeed preferentially affects 
DNA that was synthesized after thymine starvation started, indicating more than one 
round of replication initiation during thymine-less growth had occurred (so that old DNA 
strands are less affected).  This suggests there can be clustering of double-strand DNA 
breaks near the replication origin due to multiple replication rounds with a minimal 
progress of replication forks. 
 
The significant chromosomal fragmentation in T-starved RecBCD
+
 cells is in contrast to 
the general observation that chromosomal fragmentation is usually undetectable in the 
WT (RecBCD
+
) cells, because of the fast repair or degradation of linear DNA. Therefore, 
recBCD mutants are routinely used for detection of chromosomal fragmentation in E. coli 
(Michel, Ehrlich et al. 1997; Kouzminova, Rotman et al. 2004). We have already reported 
that the level of chromosomal fragmentation late into TLD is climbing in the RecBCD
+
 
cells (although it is still higher in the recBCD mutants), suggesting that thymine 
starvation induces irreparable DSBs, and that these breaks may be the ultimate cause of 
TLD (Kuong and Kuzminov 2010). When we measured chromosomal fragmentation at a 
single time point of four hours of T-starvation, both the RecBCD
+
 and recBCD mutant 
cells showed high levels of chromosomal fragmentation (Figure 5.10.B.). The differences 
in the level of DSBs in this work compared to our previous work may be due to the 
differences in growth media. The detection of these DSBs in T-starved cells in RecBCD
+ 
suggests that these breaks may be inaccessible by RecBCD. What we found interesting 
was that the recA defect decreased the level of fragmentation (once the background was 
subtracted) by about half (Figure 5.10.B.), showing that half of the irreparable DSBs in 
rec
+
 cells does not require any RecA involvement, but the other half is caused by 
recombinational mis-repair. We conclude that initiations of new replication rounds 
continue in T-starved cells, but the new DNA is unstable against fragmentation, which is 
partially triggered by some kind of RecA-promoted mis-repair. In summary, post-labeled 
DNA fragmentation and the involvement of RecA in causing the breaks are consistent 
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with our proposed model that replication fork rear-ending happens at futile replication 
forks of the previous replication round (Figure 5.9.A.).   
 
The chromosomal consequences of the new model. 
 
We proposed that, during T-starvation, due to an inhibited level of DNA synthesis, active 
initiations of the new replication rounds will be stalled in the origin-proximal part of the 
chromosome, gradually shifting the focus of TLD action from the stalling forks to the 
origin itself. Indeed, there is recent evidence that the most affected chromosomal location 
during thymine starvation is the replication origin, as the origin DNA disappearance was 
detected by the classic marker frequency analysis (in B. subtilis) (Regamey, Harry et al. 
2000) and in E. coli (Figure 5.4.), by direct visualization with fluorescent in situ 
hybridization (Fonville, Bates et al. 2010) and by gene arrays (Sangurdekar, Hamann et al. 
2010). We will generalize our developing futile-replication model to predict the behavior 
of the entire chromosome during T-starvation, not only in the Rec
+
 cells, but also in the 
recA and recBCD mutants to elucidate their actions during TLD.  
 
First, since the overall DNA synthesis rate during T-starvation is 5-10% of the normal 
rate (that is, 5-10 kbp/min per chromosome), and this rate is the sum of DNA synthesis 
activities at several replication forks, which are active at different times, we could safely 
restrict our modeling of events during the first 120 minutes of T-starvation to the 
relatively short chromosomal segment no more than 500 kbp in length, centered on the 
replication origin. Of course there are (preexisting) replication forks outside this zone, but 
they are too far away from the origin for the next replication round to reach them. As we 
hypothesize, the futile replication during T-starvation builds RecA(F)-dependent barriers 
behind the existing replication forks in Rec
+
 cells (Figure 5.11.B.) into which all 
subsequent replication forks rear-end, releasing subchromosomal fragments (Figure 
5.11.C.). Since recombinational repair is available, the released sub-chromosomal 
fragments, after some degradation by RecBCD (Figure 5.11.F.), are reattached within the 
replication "eye", the replication forks are restored, and the rear-ending happens again 
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(Figure 5.11.  I.—>K.—>N. or J.—>L.—>C.). However, at least theoretically, in half of 
the cases, the reattachment is accompanied by crossing-over (Figure 5.11.I), — and in the 
case of rear-ending by the crossed-over fork, the entire chromosome will be linearized 
(Fig. 5N). The linear chromosome can still recircularize  due to overhangs of at least 
several kbp in length. However, if this process is repeated in conditions of diminishing 
dTTP, eventually the RecBCD-catalyzed degradation will destroy the overhangs past 
each other (Figure 5.11.O.), producing a double-strand gap at the replication origin 
(Figure 5.11.P.). Interestingly, some chromosomes will retain their origins, simply 
because the probability of cross-overs is 50% (see the inset on the bottom left), and in the 
non-crossover case, half of the origins survive the degradation (Figure 5.11.F.). 
  
These considerations, as well as the results of Figure 5.4., 5.5. and 5.6. that RecA and 
RecBCD actions may cause the disappearance of the origin, led us to predict that the 
marker-frequency profile for the T-starved Rec
+
 cells would show loss of origin-centered 
chromosomal segment between the two replication fork barriers (Figure 5.11.M.). 
However, the same model also predicted a profile of the recBCD mutants, deficient in 
DNA degradation, in which the minima should coincide with the positions of the 
replication fork barriers, rather than with the origin, like in Rec
+
 cells (Figure 5.11.G.). 
Finally, since the barrier-building by futile replication is RecA-dependent, the prediction 
for the recA mutant was that it would have no loss in specific chromosomal segments (as 
the replication fork disintegration and chromosomal DNA loss would be random), and its 
profile would look the same as of non-starved cells (Figure 5.11.H.). Our measurements 
of the ever-increasing copy number of replication origins in recA mutants (Figure 5.6.) 
were generally consistent with this prediction.  
 
Chromosomal marker frequency profiles in cells undergoing thymineless death. 
 
To test the global chromosomal predictions of our model, we visualized both the place 
and the extent of DNA replication and degradation in cells undergoing TLD using the 
marker frequency profiling with gene arrays. The genome profile of a non-replicating 
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chromosome control shows a flat line (Figure 5.12.A., the black profile), while the profile 
of the normally-replicating cells (Thy
+
 conditions) shows the classic slopes initiating at 
the terminus and converging at the origin with the origin maximum twice the terminus 
minimum (Figure 5.12.A., the blue profile).  After 4 h, the profile of T-starved Rec
+
 cells 
(normalized to the terminus) becomes somewhat elevated over the non-starved one, 
indicating slowing down of replication forks. This deceleration of replication forks may 
be direct or may reflect their disintegration and subsequent repair without significant 
DNA loss (it is impossible to tell). Remarkably, there is a dramatic loss of DNA in the 
~600 kbp segment centered on the replication origin (Figure 5.12.A.). The loss is 
incomplete and therefore cannot explain the 0.1% survival during 4 h TLD, but its mere 
occurrence indicates there could be irreparable double-strand breaks at the origin. 
 
The profile in the thyA recBCD mutant after 4 hours of thymine starvation shows even 
steeper slopes, indicating severe inhibition (massive disintegration?) of replication forks, 
especially closer to the terminus (Figure 5.12.B.). Interestingly, there is only a mild 
trough in the origin-centered segment, with a clear micro-peak at the origin, indicating 
that 1) the loss of this region in RecBCD
+
 cells is due to chromosomal DNA degradation 
starting from double-strand breaks near the origin (the left minimum is located ~126 kbp 
from the origin in rfaY, the right minimum is ~118 kbp from the origin, in yihF); 2) there 
are ongoing initiations in this region, creating replication micro-bubbles that may trigger 
the origin-proximal breaks. Therefore, the decrease of the origin signal implies their 
destruction later, instead of inactivation of replication initiation during thymine starvation. 
Finally, the profile in the thyA recA mutant after 4 hours of thymine starvation is 
somewhat lowered in the origin-proximal half of the chromosome, probably reflecting 
DNA degradation from disintegrated replication forks all over the chromosome (Figure 
5.12.C.). Interestingly, the segment of the chromosome around the replication origin, 
which is missing in the Rec
+
 cells, has higher signals in the recA mutant (Figure .5.12.C.), 
consistent with the elevated ori/ter ratio in response to T-starvation in the absence of 
RecA (Figure 5.6.).  
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In our analysis, since the terminus is more-or-less stable for Rec
+
 and recA mutants 
(Figure 5.4.B. and 5.7.), we used the terminus signal to normalize for all the profiles in 
Figure 5.11. However, we realized that in recBCD mutants the terminus signal is 
decreasing significantly (Figure 5.5.B.), implying instability of the terminus region.  
Therefore, we picked another region that is more likely to be unaffected in order to 
normalize and re-generate the profiles. If the average signal from a 100 kbp region at the 
middle of a replichore is taken for normalization as 1 instead, all three T-starvation 
profiles look surprisingly similar over 2.8 Mbp of the entire chromosome (~64%), 
excluding the two zones, centered on the replication origin and the terminus (Figure 
5.13.A.), ~ 800 kbp and ~1200 kbp in size respectively (Figure 5.13.B. and C.). Such 
representation of marker frequency profiles does not affect the results of our general 
analysis as mentioned above, exception for the following: 1) it does affect the conclusion 
about the terminus, which seems to be slightly lost in the Rec
+
 and grossly disappearing 
from the recBCD mutants during TLD.; and 2) RecA does not contribute to the 
replication barriers, and in fact barriers are clearly visible in the comparison of the 
profiles between Rec
+
 and recA mutants (also see section 5.4.). Although the futile 
replication forks generated by futile ss-gap repair (Figure 5.3.A.) may not provide the 
physical barrier for the replication forks of the next round of replication, replication rear-
ending seems to still occur, and replication forks are disintegrated after futile 
recombinational repair by RecA (Figure 5.11.F., I., J.,K.,L., N. and O.) of the DSBs 
generated from the rear-ending of replication forks upon an unidentified barrier (Figure 
5.11.B. and C.) instead. Further study on the replication terminus dynamics, obtained by 
independent methods, is required before we can decide which method of data processing 
is more accurate. 
 
To examine the nature of the barriers at ± 400 kbp away from the origin, we assayed the 
replication profile for Thy
+
 cells treated with 80 mM hydroxyurea for the same amount of 
time (4h) (Figure 5.16.). As discussed in section 1.5.3. and chapter 2, hydroxyurea 
treatment at all concentration is bacteriostatic within the time frame of TLD but like TLD 
DNA synthesis is inhibited, although to a lesser extent (also see Figure 2.1. and 2.2.).  
  
187 
Replication forks should be stalling in the case of HU treatment too. The replication 
profile of HU treated cells is strikingly similar to that of T-starved cells, except that the 
origin region is preserved, not destroyed (Figure 5.16.). We can also see the same 
―barriers‖ of replication fork progression, which do not exceed ± 400 kbp away from the 
origin. In other words, we have clear evidences that there are stalled replication forks 
only within the ~ 800 kbp region centered at the origin. Furthermore, the accumulation of 
the origin region also coincides with the region from T-starved recA mutants, with 
perhaps more gene copy than recA mutants. The terminus region coincides with thymine 
starved rec
+
 cells, suggesting that either the terminus is also mildly destroyed during HU 
treatment, which may contribute to the only ~ 10% viability of HU treated cells at 4 h, or 
recA mutants somehow has more replication in that region.  In conclusion, the profile of 
HU treated cells suggests that it is likely that there are indeed replication barriers at ~ ± 
400 kbp away from the origin.  
 
In chapter 3 and 4, we showed that the recBCD mutation is epistatic to the recA mutation 
during TLD (Figure 3.6.C. and 4.15.). Since recBCD and recA single mutants exhibit 
drastically different chromosomal phenotype (Figure 5.12.B. and C., and 5.13.), we next 
looked at the replication profile of recA recBCD double mutants to see which features 
will be dominate in the double mutants on a chromosomal level.  Interestingly, we 
observed that the features from both single mutants are presented in the profiles of the 
double mutants (Figure 5.17.). First, the overall ~ 800 kbp region (bounded by the 
―barrier‖) is preserved in recA recBCD mutants, like in recA mutants. Then, the clear 
micro-peak ranged from ± 120 kbp from the origin of the recBCD mutants is also 
presented in the double recA recBCD mutants. The terminus region of the double recA 
recBCD mutants resembles that of single recBCD mutants. Nevertheless, viability of 
recA recBCD mutants is very poor during TLD (Figure 3.6.C. and 4.15.), and the 
preservation of the origin region of the chromosome apparently is not enough to rescue 
cells from death. A possible explanation is that RecBCD is still required for this 
chromosome to be a viable one after starvation ends. The interesting profile of the double 
recA recBCD mutants further supported that RecA contributes to the disappearance to the 
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origin, and RecBCD degrades the region represented by the ―micro-peak‖ and protects 
the terminus region from being ―destroyed‖ by unknown mechanisms. 
 
We conclude that our model of the chromosomal behavior during T-starvation (Figure 
5.11.) is fundamentally sound in that it correctly predicts major features of the 
replication/degradation patterns in the Rec
+
, recA and recBCD mutant cells. RecA during 
T-starvation damages the chromosome in a two-stage mechanism: RecA makes the 
replication origin susceptible to degradation, by either building nearby barriers into which 
replication forks disintegrate, or catalyzing futile recombinational repair of the DSBs 
generated from disintegrated replication fork rear-ending to an unidentified barrier.  
 
 
5.4. Discussion 
 
To understand the role of recombinational mis-repair in the mechanisms of TLD in E. 
coli, we characterized the replication and degradation patterns of the chromosomal DNA 
during T-starvation in Rec
+
 cells, as well as in the recA and recBCD mutants. We found 
that: 1) T-starvation does not block replication completely, and although the number of 
functional replication forks keeps decreasing, the T-starved forks still move at 10% rate 
of the non-starved cells; 2) as a result of this replication activity, there is a significant 
DNA accumulation (up to 70% of the original level) during the resistance phase of T-
starvation, but this DNA becomes unstable and is partially lost  during the RED phase; 3) 
new replication rounds are initiated at the origin during the resistance phase, which 
somehow makes the origin DNA unstable during the RED phase; 4) chromosomal 
fragmentation and subsequent DNA degradation during the RED phase preferentially 
affect the DNA strands synthesized during the resistance phase of T-starvation. Thus, the 
poisoning events during TLD happen around the replication origin and result directly 
from new initiations, rather than being associated with preexisting replication forks. In 
fact, induction of additional initiations at the origin by T-starvation was reported before 
(Pritchard and Lark 1964).  Based on these results, we proposed that new rounds of 
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replication forks rear-ended into previous rounds during thymine starvation, either due to 
RecA dependent replication barriers from futile ss-gaps repair, or an unidentified 
mechanism.  In any case, futile repair of the DSBs generated from the rear-ending 
replication forks between these barriers lead to degradation of the DSBs by RecBCD 
(Figure 5.11.O.). Since these replication forks are very near the origin, it leads to 
disappearance of the origin (Figure 5.8.) that can be impossible to recover even after 
thymine starvation ends. 
 
Testing predictions of this model by marker frequency analysis with gene arrays in Rec+ 
cells, as well as in recA and recBCD mutant cells confirmed the RecA-dependent double-
strand breaks on both sides of the origin and the RecBCD-dependent degradation of the 
origin-containing chromosomal segment between the two suspected barriers. Finally, we 
found earlier that the recA mutants recover from TLD much faster than Rec
+
 cells (Figure 
4.23., also see Chapter 4), demonstrating that not only the origin DNA is preserved 
during T-starvation in the thyA recA double mutants, but remains, in fact, fully functional, 
leading to an initial jump in recovery rate upon readdition of dT.  
 
Replication origin loss during T-starvation. 
 
The critical role of the replication origin in poisoning during T-starvation has been 
crystallizing over the years. Back in 1970, Ramareddy and Reiter reported sequential loss 
of chromosomal markers in thyA mutant Bacillus subtilis cells, synchronized by 
germinating spores and switched to a medium without thymine. The loss of marker 
started at the position of replication forks and went towards the replication origin 
(Ramareddy and Reiter 1970; Reiter and Ramareddy 1970).  Although these authors did 
not specifically look at the disappearance of markers around the replication origin, the 
known initiation of new replication rounds during T-starvation, together with severe 
inhibition of the replication fork progress, should make the origins susceptible to 
degradation due to disintegration of new rounds of replication forks.  For example, 
Nakayama and colleagues reported in E. coli that the chromosomal fragments carrying 
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replication origin are unable to enter pulsed-field gels after 1 hour of T-starvation (TLD 
in these strains starts happening after 1.5 hours) (Nakayama, Kusano et al. 1994), 
apparently due to initiation events generating replication bubbles at the origin that could 
not progress out of the region, making DNA non-migrating under pulsed-field 
electrophoresis conditions.  
 
Looking again at the thyA mutants spores of B. subtilis, germinating into a thymineless 
medium, Wake and colleagues have noticed premature formation of the cell constriction 
assembly and traced the reason to the diminishing amounts of the replication origin DNA 
(Regamey, Harry et al. 2000). The disappearance was quite specific and sharp in that the 
loci even 20 kbp away from the origin were not affected by it (Regamey, Harry et al. 
2000). Recently, Rosenberg and colleagues reported that T-starvation causes a shift from 
cells containing mostly 2 origins and one terminus (the normal 2:1 ratio) to cells 
containing 1 origin and 1 terminus (meaning that one origin is lost) (Fonville, Bates et al. 
2010). Interestingly, the same authors also report a substantial increase in cells with one 
origin and no termini (meaning that the terminus is lost?), although for normally-
replicating cultures they also report almost 30% of the cells lacking either origin or 
terminus,  so sensitivity of the experimental system is rather low (Fonville, Bates et al. 
2010). Finally, Khodursky and colleagues report the dramatic decrease of a broad zone 
centered at replication origin, detected by marker-frequency profiling of the entire 
chromosome (Sangurdekar, Hamann et al. 2010), just like in our hands (Figure 5.12. and 
5.13.). As a result of this decrease, the ori/ter ratio becomes 1/1 in their T-starved cultures. 
The chromosomal zone affected by decrease in their hands is about 1 Mbp (Sangurdekar, 
Hamann et al.), roughly in line with our findings.  
 
Although T-starvation-triggered decrease of the broad origin-containing chromosomal 
segment can be considered established at this point, and it happens with the same kinetics 
as TLD (Sangurdekar, Hamann et al. 2010), this phenomenon by itself cannot be the sole 
explanation of thymineless death. Indeed, the loss of the origin DNA is always partial 
(Regamey, Harry et al. 2000; Fonville, Bates et al. 2010; Sangurdekar, Hamann et al.) 
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(Figure 5.4.B., 5.12.A.  and 5.13.A.), — specifically, it only comes down to the level of 
the terminus DNA, making the ori/ter ratio = 1/1. If this 1:1 ratio refers to the whole 
chromosome, and this population-average indeed reflects the situation in most individual 
cells, the chromosome simply becomes aligned, and no killing is expected. Something 
else must be happening with the chromosomal DNA besides this origin-specific 
disappearance for the cells to actually die (see below). Alternatively, the population 
average may not reflect events in individual cells, with most chromosomes in the 
population completely missing certain parts due to double-strand gaps (which, of course, 
is lethal).  
 
The extent and the rate of DNA synthesis. 
 
The extent of DNA synthesis during T-starvation is around 25% of the original amount of 
DNA, as measured in Bacillus megatherium (Wachsman and Hogg 1964), which is in 
good agreement with our direct measurements of the average increase of 30% (Figure 
5.2.A. and B.). As far as we know, we are the first to be able to measure the rate of DNA 
synthesis in T-starved cells. These measurements were never done before because the 
only DNA-specific label is thymidine, addition of which as a label, even in minuscule 
amounts, appears to temporarily relieve thymineless death or at least change its kinetics 
(not shown). Instead, we use a non-specific phosphorus label, which incorporates in at 
least five different species (RNA, phospholipids, LPS, DNA and poly-phosphates) 
(Amado and Kuzminov 2009), but then separate the labeled species in alkaline agarose 
gel electrophoresis, quantifying the DNA band by phosphorimager. 
  
Both the rate and the extent of DNA synthesis in T-starved cells turn out to be substantial. 
the rate early on after thymidine removal and the overall DNA accumulation by two 
hours of T-starvation equal to 70% of the preexisting chromosomal DNA. The most 
important conclusion from the fact that the T-starved cells keep replication forks going, 
albeit at ever-slowing rates, is that new replication rounds are initiated during T-
starvation. Thus, the number of replication forks involved in "thymineless equation" is 
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not restricted to the preexisting forks, but also includes the unknown number of new 
forks, and it is these new forks that become the critical component of thyminless 
poisoning. TLD dependence on multiple replication forks in general and on newly-
induced rounds of replication in particular was recently demonstrated (Martin and 
Guzman 2011).  
 
Chromosomal fragmentation during TLD. 
 
In this work, we only measured chromosomal fragmentation at a fixed time point of four 
hours after thymidine removal, which is deep into TLD.  This fragmentation is not 
influenced by the status of RecBCD enzyme (that is, the status of DSB repair and linear 
DNA degradation proficiency), but is reduced almost in half by inactivation of RecA, 
indicating that a part of it is due to recombinational mis-repair, as proposed in chapter 3. 
We also enquired whether fragmentation affects template DNA strands or only the 
newly-synthesized ones and found the later to be the case. There is modest fragmentation 
of the pre-labeled DNA (Figure 5.10.A.). The preferred fragmentation of DNA strands 
synthesized during T-starvation dovetails with our other finding, that only the new DNA 
strands are degraded, while the template strands are preserved. These two results strongly 
argue that the nature of the chromosomal fragmentation during TLD is "replication fork 
rear-ending", according to which replication forks of the next round run into the 
replication forks of the previous round and disintegrate, releasing linear subchromosomal 
fragments made of the newly-synthesized DNA (Bidnenko, Ehrlich et al. 2002). 
Important for our model, the barriers into which replication forks of the next round crash 
can be also replication fork structures (like in Figure 5.9.A), or simply unrepaired 
daughter-strand gaps (like in Figure 5.1.). The latter situation may explain chromosomal 
fragmentation in the recA mutants, for example.  
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Chromosomal DNA degradation during TLD. 
 
The modest extent of the DNA loss we report during T-starvation in Rec
+
 cells is 
inconsistent with the possibility that DNA loss all over the chromosome is directly 
responsible for lethal chromosomal damage during TLD. On the other hand, others 
detected measurable loss of DNA as a result of T-starvation. The DNA synthesized 
during T-starvation was never labeled before (as discussed above), but a slow release of 
label from template DNA was reported during T-starvation both in E. coli (18% in 4 
hours) (Breitman, Maury et al. 1972) and in B. subtilis (15% in 4 hours) (Reiter and 
Ramareddy 1970). Currently we have no explanation for these differences in template 
DNA stability, but suspect incubation temperature effects. Still, this amount of template 
DNA degradation is not enough to explain lethality, since there are always several 
chromosome-equivalents of DNA in the growing E. coli cells.  
 
Interpretation of the marker-frequency chromosomal profiles. 
 
Marker frequency analysis at the scale of the chromosome is becoming the standard 
method of analysis of the replication patterns in bacteria and archaea (Wang, Berkmen et 
al. 2007; Duggin, Wake et al. 2008; Kouzminova and Kuzminov 2008; Tehranchi, 
Blankschien et al.), as the profiles of replication waves in synchronized cultures of wild 
type cells, rolling from the origin toward the terminus in an orderly fashion, are not only 
highly visual, but are also straightforward to interpret. Indeed, the terminus signal in 
these synchronized cells can be taken for one by definition (like in the black profile in 
Figure 5.12.A.). However, interpretation of the results of this analysis in growing 
asynchronous populations is not trivial and depends on the normalization point. 
 
Explaining the full extent of killing via chromosomal mechanisms. 
 
Figures 5.14. and 5.15. show the Thy+ controls of the profiles, generated by both 
normalization methods (A. normalizing to the average signal from terminus, B. 
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normalizing to the average signal from the middle of the replichore.). In recBCD mutants 
the problem of the terminus disappearance exists in both Thy
+
 growth or thymineless 
growth (Figure 5.13. and 5.14). In fact, during normal growth (Thy
+
), only the 
interpretation of the results of recBCD mutants will change depending on normalization 
methods (Figure 5.14.). The profiles of Rec
+
 and recA mutants during Thy
+
 growth will 
be the same no matter which method of normalization is used (Figure 5.15.). We 
mentioned earlier that the extent of origin disappearance (about half of original amount is 
lost) cannot fully explain the 3 orders of magnitude lost in viability we observed TLD 
(Figure 3.1.B.), but if in fact both the origin and terminus regions can be damaged during 
TLD (Figure 5.13.A), then chromosomal damage during TLD may fully explain the 
killing and nail down the killing in TLD to chromosomal explanations. It is also possible 
that the population of cells with origin damage and terminus damage are two different 
populations – then the replication profiles we observed currently can be explained by 
cells having no origin at all but 1 terminus, and cells having no terminus but 1 origin, 
rendering both population inviable (hence 1:1 copy of ori:ter but the 0.01% survival). 
Interestingly, the terminus region of recA mutants is somehow not affected as observed 
by both our dot-blot hybridization and microarray profiling (Figure 5.7. and 5.13.C.), 
suggesting that RecA actions during thymine starvation may damage both the origin and 
terminus. The evidences in this study, however, do not yet allow us to conclude with 
absolute certainty the real status of the terminus. Further understanding of how RecBCD 
affect the dynamics of the replication terminus in general as well as more careful study of 
the terminus dynamics is needed before we can make a conclusion.  
 
Replication barriers during thymine starvation. 
 
The other discrepancy between the two types of the replication profiles (Figure 5.13. 
versus 5.14.) is the nature of the replication barriers that initiated the rear-ending of the 
coming replication fork. The three centrally-overlapping profiles (Figure 5.14.A) 
highlight the four chromosomal regions at which profiles either converge into a single 
line or diverge into three separate lines. In the left replichore, the two regions are – 2,000-
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1,800 kbp and —450-350 kbp, while in the right replichore, the two regions are 350-400 
kbp and 1600-1800 kbp. If decrease in the DNA signal in these profiles can be simply 
interpreted as DNA loss due to degradation, these chromosomal regions can be viewed as 
barriers to further degradation.  recBCD mutants has minimal degradation of any broken 
chromosomal arms. The loss of DNA in recBCD mutants during TLD at about ±100kbp 
from the origin (Figure 5.12.B. and 5.13.A.) represents a possibility where the replication 
forks rear-ending initial occur, i.e. the location of where the unprocessed DSBs initially 
formed (Figure 5.11.C.).  
 
We also considered a possibility that some of these barriers to degradation coincide with 
ribosomal RNA operons (rRNA operons), whose number is seven in E. coli, but the only 
two operons that are in the vicinity of a divergence point is rrnD, at – 400 kbp and rrnE 
at + 300 kbp (rrnA is in the vicinity of the right minimum in the recBCD mutant) (Figure 
5.12.B.)  It is possible that the futile ss-gap repair at replication forks (Figure 5.9.A.) 
form replication barriers near the rrn sites and degradation starts from there and ends at 
the origin (where the minimal of the slope is in the profile of Rec
+
 cells), or the barriers 
are located elsewhere (such as at ±100 kbp away from the origin described in the 
previous paragraph) but these sites somehow limited the degradation of the chromosome 
arms up till ± 400 kbp away from the origin. However, due to the imperfect correlation 
(barriers of the profiles at ± 400 kbp away from the origin, but one of the rrn sites are at 
300kbp away from origin) further investigation is needed to see if the rrn sites really 
coincide with the barriers.  
 
We conclude that chromosomal damage during TLD is only localized to the origin (and 
possibly to the terminus). However, it is unclear what contributes to the limiting of the 
damage to the 800 kbp ori-proximal region (and the 1200 kbp ter-proximal region). 
Further investigation is needed to find out what constitutes the position of the replication 
barriers or the position of the degradation limit. 
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5.5. Conclusions 
 
We developed a model of futile replication: rear-ending of replication forks leads to 
disintegration of chromosomal arms, which become the substrates of futile RecA-
promoted recombinational repair that eventually leads to degradation of the arms instead 
(Figure 5.11.C., F., I., J., K., L., N. O. and P.). Our findings of a significant DNA 
synthesis and continuing replication initiation in T-starved cells are consistent with this 
model. We found slow decrease in the number of replication points and a burst of 
initiations at the origin, followed by origin disappearance, together with chromosome 
fragmentation of preferentially newly-synthesized DNA and DNA degradation confirmed 
the predictions of the mechanistic model proposed in Figure 5.8. and 5.11. The ultimate 
confirmation of the new model came from marker frequency profiles, and one of the line 
of the future TLD research is to extend the marker frequency analysis to other mutants 
with interesting phenotypes in TLD. The dramatic insight about the distinct chromosomal 
behavior of recA mutants allowed us explain why the recA defect became beneficial 
during T-starvation. We showed that chromosomal damages during TLD are localized to 
the origin, and perhaps the terminus regions.  Finally, we were surprised to find well-
delineated zones in which new replication forks disintegrate during T-starvation (the 
minima around the origin in the recBCD mutant), as well the zones of inhibition of 
chromosomal DNA destruction (in the Rec
+
 and recA mutants). Possible nature of these 
zones is another interesting topic for future TLD studies.  
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5.6. Figures 
 
 
 
 
Figure 5.1. The hypothetical events at starved replication forks, with attempted ss-gap repair as 
the model of the killing mechanism in TLD. As less and less dTTP is available, the initiated 
Okazaki fragments cannot be completed in time, leading to persistent single-strand gaps in the 
nascent DNA strands. These gaps trigger RecA(RecF)-catalyzed recombinational repair in an 
attempt to close them, which leads to formation of long-lived RecA filaments and further slows 
down gap closure.   
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Figure 5.2. The extent and rate of DNA synthesis during TLD. 
 
A. The accumulation of newly synthesized DNA during T-starvation, measured by chronic 
32
P-
labeling after removal of dT from the growth medium in half of the culture. The TLD kinetics of 
thy (KKW 58) is overlaid in dashed gray line. 
 
B. Chromosomal DNA accumulation during T-starvation, as measured directly by absorbance at 
260 nm of total DNA isolated by phenol extraction.  
 
C. The rate of DNA synthesis during T-starvation, as measured by 10 minute 
32
P-incorporation at 
the indicated times after removal of thmidine (dT) in the indicated strains, and normalized to the 
level of incorporation of the same culture grown with dT at the time = 0.  
A 
B C 
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Figure 5.3. The replication fork dynamics during T-starvation.  
 
A. The scheme of hypothetical gap formation and attempted recombinational repair. "AAA", runs 
of several adenines in template DNA, at which T-starved replisomes are likely to stall first. Green 
ovals, replisomes; pink rectangles, RecA filaments; yellow rectangles, replication fork 
frameworks.  
 
B. Normalized rate of DNA synthesis. Cells of the indicated genotype were grown in the presence 
of thymidine and then switched to the same medium without thymidine at time = 0. At the 
indicated times, aliquots of these cells were taken, and the DNA synthesis rate was determined by  
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Figure 5.3. (cont.) 
 
adding 
3
H-thymidine for 1 min. Counts-per-minute (CPM) were normalized to the corresponding 
OD of the cultures. The TLD kinetics from thy (KKW 58) is overlaid in dashed gray line.  
 
C. Rate of DNA synthesis per unit of culture volume. Counts were based on aliquots of the same 
volume of cultures regardless of OD increase.  Values were normalized to that at 0 h as 1.  
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Figure 5.4. The dynamics of the origin and terminus representation of the chromosome of thy. 
―+T‖ refers to cells grow with dT and ―-T‖ refers to cells starved of dT. Total DNA was isolated 
from cells at the indicated times, the same amount of isolated DNA are loaded onto membrane, 
and the amount of the origin or terminus DNA per loading was determined by dot hybridization. 
The results are presented either as ori/ter ratios (A) or as individual changes of the origin or 
terminus DNA of thy
-
 mutants (B), normalized to their corresponding counts at 0 h.  Data based 
on 5 to 7 repetitions. 
 
A 
B 
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Figure 5.5. The dynamics of the origin and terminus representation of the chromosome of thy 
recBCD. ―+T‖ refers to cells with dT and ―-T‖ refers to cells starved of dT. Total DNA was 
isolated from cells at the indicated times, the same amount of isolated DNA are loaded onto 
membrane, and the amount of the origin or terminus DNA per loading was determined by dot 
hybridization. The results are presented either as ori/ter ratios (A) or as individual changes of the 
origin or terminus DNA of thy
-
 mutants (B), normalized to their corresponding amounts at 0. 
Data based on 2 to 5 repetitions. 
 
 
A 
B 
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Figure 5.6. The ori/ter ratio during thymine starvation of thy and thy recA. Conditions the same 
as described in Figure 5.4. Data based on 3 to 4 repetitions. 
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Figure 5.7. The dynamics of the origin and terminus representation of the chromosome during 
thymine starvation of thy recA. Conditions the same as described in Figure 5.4. The results are 
presented as individual changes of the origin or terminus DNA, normalized to their corresponding 
amounts at 0 (data based on 3 to 5 repetitions). 
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Figure 5.8. A scheme of possible chromosomal events around the replication origin in T-starved 
cells leading to death.  I, additional initiations; II, RecA-dependent replication fork disintegration; 
III, linear DNA degradation by RecBCD in preparation for repair of double-strand breaks 
destroys additional copies of the replication origin.     
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Figure. 5.9. Chromosomal DNA stability during T-starvation.  
 
A. The model of replication fork rear-ending into the barrier behind a dTTP-starved replication 
fork. Note that, as a result of replication fork disintegration, the (red) DNA duplexes made of new 
DNA strands are released as sub-chromosomal fragments, susceptible to degradation.  
 
B. Stability of parental DNA during TLD.  Chromosomal DNA was labeled with 
3
H-thymidine 
during growth in the presence of cold thymidine, then both the cold thymidine and the label were 
removed and the stability of the label in the chromosomal DNA was monitored. The strains are: 
Thy+ (KKW 59); ∆thyA (KKW 58); ∆recA (AK4), ∆recA ∆thyA,(KJK 61). 
 
C. Stability of newly synthesized DNA during TLD.  After growth in the medium supplemented 
with thymidine, the cells were transferred to the medium without thymidine, but supplemented 
with 
32
P-orthophosphate (at time = 0). After 1.5 hours at 30°C, 
32
P-label was removed, and its 
stability in the chromosomal DNA was monitored. Half of the cultures was processed the same 
way, but in the presence of thymidine (+dT controls). Note that values for T-starved cells are in 
linear scale (on the left), while values for the +dT controls are in logarithmic scale (on the right). 
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Figure 5.10. The nature of chromosomal fragmentation during thymine starvation. 
 
A. Chromosomal DNA was labeled with 
32
P-orthophosphate, cells were lysed in agarose plugs, 
and the chromosomal DNA was separated in pulsed-field gels. The pre/post-labeling protocol 
reveals preferential fragmentation of the DNA synthesized during thymine starvation. Prelabeling: 
the label was removed together with cold thymidine. Postlabeling: the label was added upon 
removal of thymidine. Throughout: the label was re-added upon thymidine removal.  
 
B. The partial RecA-dependence and RecBCD-independence of T-starvation-induced 
fragmentation. The label was present throughout. The dut recBC(Ts) mutant was used as a 
positive control for chromosomal fragmentation. 
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Figure. 5.11.  The hypothesized chromosomal consequences of futile replication. In all panels 
except "P" only the chromosomal segment centered at the replication origin is shown. Duplex 
DNA is shown as a single line. Replication forks are shown as circle at Y-junctions. In the 
marker-frequency profile panels (G, H and M), the blue profile indicates Thy+ replication, while 
the red profile indicates several hours of Thy– replication.  
 
A. Recently-initiated replication bubble in the vicinity of the origin, stalling due to lack of dTTP.  
 
B. RecA(F)-promoted gap repair builds a barrier by reforming the template DNA behind the 
replication forks, while the scheduled initiation starts new replication bubbles at the origin.  
 
C. The new replication forks reach the barrier and disintegrate, releasing sub-chromosomal 
fragments.  
 
D. In recBCD mutants, the sub-chromosomal fragments cannot be attached back to the 
chromosome and are slowly degraded.  
 
E. In the recA mutants, the replication fork barriers are never built. Replication forks may still 
rear-end into the replication forks of the previous round, if they can reach them.  
 
F. Double-strand break repair (double-strand end reattachment) in E. coli starts with a significant 
linear DNA degradation by RecBCD.  
 
 
 
  
209 
Figure 5.11. (cont.) 
 
G. The predicted chromosomal marker-frequency profile for the recBCD thyA mutant. We 
expected an almost normal profile, with some DNA loss in the regions of replication barriers.  
 
H. The predicted chromosomal marker-frequency profile for the recA thyA mutant. We expected 
a normal-looking profile, maybe slightly elevated due to low levels of replication fork 
disintegration.  
 
I and J. Reattachment of subchromosomal fragments by RecABCD-promoted recombinational 
repair. In "J", no crossovers were associated with the repair (scenario #2), while in "I", two 
replication forks out of four were restored with crossovers (scenario #1). The molecular events 
behind these two scenarios are explained in the inset at the bottom left.  
 
K and L. Continuation of replication of the restored forks. In "L", their rear-ending leads back to 
"C".  
 
M. The predicted chromosomal marker-frequency profile for the Rec+ thyA mutant. As suggested 
by our own result (Figure 5.4.), the origin DNA will be partially destroyed, so that the ori/ter ratio 
approaches 1:1.   
 
N. Rear-ending of crossed forks leads to formation of a linear chromosome with circular-
permuted (and duplicated) ends.  
 
O. RecBCD-catalyzed degradation of linear ends in this case can go too far, degrading all the four 
copies of the replication origin and, thus, killing the chromosome (panel "P").  
 
P. The scheme of the resulting chromosome with an irreparable double-strand gap.   
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Figure 5.12. The chromosomal marker frequency profiles in cells undergoing thymineless death. 
For clarity, only the 15-point average trendlines are shown. In all panels, the blue profile comes 
from the normally-replicating cells (dT supplementation), while the magenta profile comes from 
the same cells, but starved without thymine for four hours. The profiles are normalized to the  
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Figure 5.12. (cont.) 
 
average value of 76 CDS covering roughly 100 kbp in the terminus region around dif, as 
described (Kouzminova and Kuzminov 2008).  
 
A. The Rec+ ∆thyA cells (strain KKW 58). 
 
B. The ∆recBCD ∆thyA cells (strain KJK 63).  
 
C. The ∆recA ∆thyA cells (strain KJK 61).  
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Figure 5.13. The three TLD profiles normalized to the middle of the right replichore.  
 
A. These three 15-point average trendlines are generated from the same data as profiles in Figure 
5.12., but normalization is done by the combined signal from the area of the chromosome,  
C 
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Figure 5.13. (cont.) 
 
marked by the vertical light brown band covering 100 CDS from chromosomal map position 
294520 bp to 410521 bp.  
 
B. Only the origin-containing half of the chromosome is shown, with positions of rRNA operons 
indicated by arrows. Note that the profiles coincide at ± 400kbp away from origin. Chromosomal 
positions of the origin based on of E.coli K12 MG1655 genome map is located at 3.92 Mbp, 
while rrnD is located at 3.42 Mbp and rrnE at 4.21 Mbp. 
 
C. The same profiles plotted according to the gene map of E.coli K12 MG1655 focusing the 
terminus region (at ~1600 kbp, indicated by the red line). Note that Rec+ and recBCD mutants 
coincides at ± ~ 400 kbp away from the terminus, and the profile of recA mutants joins at ± 600 
kbp away from terminus. 
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Figure. 5.14. The chromosomal marker frequency profiles in cells before thymine starvation 
(growing in the presence of thymine). For clarity, only the 15-point average trendlines are shown.  
Pink lines indicate the profile of Rec
+
.  Green lines indicate the profile of recBCD mutants. A: 
Profile obtained by normalizing to the terminus (as in Figure 5.12.).  B. Profile obtained by 
normalizing to the middle of the right replichore (as in Figure 5.13.).
A 
B 
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Figure 5.15. The chromosomal marker frequency profiles in cells before thymine starvation 
(growing in the presence of thymine). For clarity, only the 15-point average trendlines are shown.  
Pink lines indicate the profile of Rec
+
.  Blue lines indicate the profile of recA mutants. A: Profile 
obtained by normalizing to the terminus (as in Figure 5.12.).  B. Profile obtained by normalizing 
to middle of the right replichore (as in Figure 5.13.). 
A 
B 
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Figure 5.16. Replication profile of Thy
+
 cells treated with 80 mM HU for 4 h, overlaid with 
untreated Thy
+
 and thy
-
 for reference. Profiles plotted according to the gene map of E.coli K12 
MG1655, with the terminus region (at ~1600 kbp, indicated by the red line) and the origin (at 
3920 kbp, indicated by the blue line). Profile obtained by normalizing to THE middle of the right 
replichore (as in Figure 5.13.). 
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Figure 5.17. Replication profile of thy
- 
recA
-
 recBCD
-
 (KJK 102) after 4 h of thymine starvation, 
overlaid with untreated thy
-
 rec+, thy
-
 recA
-
 and thy
-
 recBCD
-
 for reference. Profiles plotted 
according to the gene map of E.coli K12 MG1655, with the terminus region (at ~1600 kbp, 
indicated by the red line) and the origin (at 3920 kbp, indicated by the blue line). Profile obtained 
by normalizing to the middle of the right replichore (as in Figure 5.13.). 
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CHAPTER SIX 
 
Conclusions and Future Directions 
 
The primary focus on my graduate research studies was to investigate the mechanism of 
cell death due to chromosomal problems during abnormal DNA replication with 
perturbed dNTP pools and, specifically, the role of recombinational repair in these 
problems.  The ultimate goal was to understand why cells were killed during thymine 
starvation. I have established evidence for irreparable chromosomal lesions in cell during 
thymine starvation that can potentially explain the killing. I also established a model for 
the mechanism of killing, which is consistent with the evidence I have obtained. 
According to this model, futile replication and recombinational repair during thymine 
starvation cause the toxic chromosomal damage.  When I started the project, there was no 
single model that could accommodate all the major observations from the studies on the 
mechanism of TLD. It was always assumed that wrong nucleotide incorporation with 
subsequent excision lead to lethal chromosomal lesions. To establish the possibility that 
TLD was a direct consequence of chromosomal problems generated during thymine 
starvation, I first showed that there were chromosomal problems during TLD (described 
in Chapter 2, 3, and 5).  Using various chromosomal DNA characterization techniques, 
such as Pulse-Field Gel Electrophoresis, marker frequency analysis on gene arrays and 
3
H-thymidine incorporation and loss, my study showed that replication forks are 
inactivated, chromosomes are fragmented, while the replication origin, and perhaps the 
terminus as well, are damaged during thymine starvation.  I obtained evidence of 
replication fork stalling, as well as of residual DNA synthesis and continuous replication 
initiation, in cells during thymine starvation.  I also showed that, during the late stages of 
thymine starvation, fragmentation predominately comes from newly-synthesis DNA, and 
proposed a model of newly-initiated replication forks rear-ending into stalled replication 
forks, resulting in breakage of the chromosome.  
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Early on, my results excluded the common model of incorporation of wrong bases as a 
mechanism for TLD. I narrowed down the cause of TLD to the toxic actions coming from 
recombinational repair, specifically, from RecF(OR) and RecA actions (described in 
Chapter 2). In order to gain a more precise understanding of the mechanism of how 
recombinational repair can be poisonous in TLD, I characterized replication and 
chromosomal challenges the cell is facing during thymine starvation, and determined if 
any of the recombinational repair players serve as triggers or solutions to those problems.  
My study showed that during thymine starvation, RecA activities lead to damage of the 
origin region of the chromosome, which prevents cells from recovery after thymine 
starvation ends — because of the permanent loss of the origin region.  I provided 
evidence that thymine starvation kills by the mechanism of replication fork stalling and 
rear-ending of new rounds of replication, causing DNA breaks, which are then acted 
upon by recombinational repair that kills instead of repair (described in Chapter 5, also 
see Figure 5.8., 5.9.A., 5.11.C., F., I., J., K., L., N. and O.). In other words, TLD is the 
result of inappropriate recombination in the attempt to restore replication. 
 
During my investigation, I surprisingly found that RecA offers a protective role during 
the recovery from thymine starvation, especially during the nutritional upshift embedded 
in the typical TLD protocol that was never reported (results from Chapter 4).  To examine 
the role of RecA, it is important to distinguish whether one is looking at its effects during 
the starvation, or during the recovery, when thymine is available again, since RecA has 
opposite roles in the two phases.  This explains the controversy of the role RecA in TLD 
in previous studies.  In addition, I laid out evidence that the killing during thymine 
starvation can be coming from damage accumulated both during and after thymine 
starvation, — hence, recovery conditions should be taken into account in future TLD 
studies.  Future studies are also needed to determine if there are chromosomal lesions 
accumulated during the recovery when dTTP is available again. 
 
Another major advancement from this project is a clearer understanding of the role of the 
beneficial recombinational repair proteins, RecBCD, UvrD and RuvABC, during thymine 
starvation.  In particular, I have defined the overlooked role of the UvrD helicase during 
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thymine starvation as critical supervision of RecA activities (results from Chapter 3.).  I 
showed that the role of RuvABC is irreplaceable by the other late recombinational repair 
player RecG, and that RuvABC is also critical during TLD for counteracting toxic 
damage generated by the RecF catalyzed pathway. The role of RecBCD in TLD is 
perhaps the most interesting one.  The role of RecBCD cannot be simply explained by 
preparation of double-strand ends for RecA polymerization and homology-guided strand 
exchange, because the recBCD mutation is epistatic to the recA mutation (results from 
Chapter 3, and 4).  The survival of recA recBCD double mutant is very poor, and the 
chromosome profiles of this mutants has both the preservation of the origin, like in the 
recA single mutants, and the disappearance of the terminus, like in the recBCD single 
mutants (described in Chapter 3 and 5).  Therefore, it is possible that the terminus may be 
damaged during TLD, and one of the roles of RecBCD during thymine starvation is in 
prevention of such terminus damage.  recBCD mutants not starved of thymine also 
exhibit such terminus disappearance, so it is possible that the mechanism of this 
disappearance is not unique to thymine starvation.  Future studies to verify terminus 
damage and the role of RecBCD in its prevention will help us to get a more complete 
understanding of all the protective roles of this enzyme. 
 
Separately, in an attempt to examine if blocking DNA replication by hydroxyurea (HU) 
can prevent cells from undergoing TLD, I used GC-MS and biochemical assays to 
demonstrate that HU in aqueous solutions quickly accumulate peroxides, nitric oxide and 
hydrogen cyanide, which may explain the puzzling mode of action of HU as the primary 
treatment for sickle-cell anemia, as well as the inconsistent reports on whether HU can 
relieve TLD (results from Chapter 2). I showed that HU cannot inhibit DNA synthesis 
below the level of DNA synthesis inhibition by thymine starvation. Therefore, HU 
treatment during thymine starvation cannot be used for studying the requirement for 
DNA synthesis in TLD. In addition, the higher residual DNA synthesis possible in HU-
treated cells may explain why HU treatment does not kill, but thymine starvation does.  It 
is known that stalled replication forks also form in HU-treated cells, and my study 
provides further evidence of their formation. Furthermore, I also showed that the stalled 
replication forks in HU-treated cells are subject to the same ―barriers‖ that replication 
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forks in thymine-starved cells experience (~ 400 kbp away from the origin). The 
difference between the two phenomena is that HU-treated cells depend on 
recombinational repair, including RecA, to avoid breakage of the stalled replication forks 
and to maintain their survival, but in thymine-starved cells RecA contributes to more 
chromosomal fragmentation and increased killing. One possible explanation to this can 
be that the hypothesized formation of ss-gaps that triggers the toxic RecF(OR)-RecA 
processing is unique to thymine starvation, and such gaps are not formed during dNTP 
starvation. Another possible reason can be that the disintegration of the stalled replication 
forks that lead to death only occurs when replication is severely inhibited, as in the case 
of thymine starvation, but not when replication is ―less‖ inhibited, as in HU-treated cells. 
In fact, as discussed in section 1.5.3. and 1.5.4., in other situations when replication is 
inhibited cells also lose viability rapidly, such as in replicative polymerase dnaE(Ts) 
mutants (Bouvier and Sicard 1975; Strauss, Kelly et al. 2004; Davies, Kohanski et al. 
2009); as well as in the replicative helicase dnaB(Ts) mutants and the primase dnaG(Ts) 
mutants (Bouvier and Sicard 1975).  Future studies using other means to inhibit 
replication will be useful to further clarify whether the level of replication inhibition 
becomes important to distinguish between inhibitory versus killing effects from various 
means of DNA synthesis inhibition scenarios.  
 
One of the unresolved issues from our replication profiling analysis during TLD 
(described in Chapter 5, in particular see the Discussion of section 5.4.) is that we cannot 
conclude whether there is a barrier of replication forks at ~ 400 kbp away from the origin, 
which leads to rear-ending of new rounds of replication forks and their disintegration at 
these sites, or that this is the barrier to the degradation of chromosomal arms after 
replication forks disintegration from regions closer to the origin, but somehow stopped at 
these positions ~400 kbp away from the origin. Why chromosomal lesions are localized 
near the origin and what constitute the barrier (be it for replication fork progress, or 
degradation of disintegrated chromosomal arms) are unclear from our current evidences.  
More studies are needed to conclude whether there is a barrier, and if so, what is the 
barrier and how does it block either replication or DNA degradation. 
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One possible direction of future studies to resolve the above question can be to examine 
whether the rrn sites located near the barrier really give rise to the barrier, for example by 
moving them and checking if the ―barriers‖ move along or stay. The recent in vivo 
evidence that replication forks can collide with transcribing RNA polymerases, especially 
at the heavily transcribed rRNA operons, resulting in RNA polymerase dislodged by 
replication, and replication forks having to stall and restart, make this future direction an 
exciting one (French 1992; Mirkin and Mirkin 2007; Rudolph, Dhillon et al. 2007; Wang, 
Berkmen et al. 2007; Baharoglu, Lestini et al. 2010; Boubakri, de Septenville et al. 2010; 
Srivatsan, Tehranchi et al. 2010; Tehranchi, Blankschien et al. 2010; Merrikh, Machon et 
al. 2011). RNA polymerase is dislodged after the collision and replication restart proteins 
are recruited to the arrested replication fork (French 1992; Mirkin and Mirkin 2007; 
Rudolph, Dhillon et al. 2007; Merrikh, Machon et al. 2011).  In particular, UvrD, Rep 
and DinG helicases were shown to be required for survival of the cell when collisions do 
occur,  and inactivation of recF, as well as changes in certain rpoB and rpoC mutants that 
destabilized transcription complexes on DNA, and over-expression of RNase H, can all 
rescue some of the defects coming from replication-transcription collision, depending on 
situations such as growth temperature, rich or minimal media, and if it is a co-directional 
or head-on collision (Baharoglu, Lestini et al. 2010; Boubakri, de Septenville et al. 2010).  
It was proposed that head-on encounters between the replication and transcription 
machineries on the lagging DNA strand can lead to replication fork arrest and genomic 
instability (Mirkin and Mirkin 2007; Merrikh, Machon et al. 2011), while the highly 
transcribed rRNA genes were shown to be hotspots for co-directional conflicts between 
replication and transcription in rapidly growing Bacillus subtilis cells (Pomerantz and 
O'Donnell 2010). Since transcription is required for TLD, it may not be surprising that 
the heavily transcribed rrn sites can impose significant road blocks to DNA replication 
even during TLD. Replication forks stalled near these regions can block on-coming 
rounds of replication leading to chromosomal fragmentation.  In fact, it was found that 
there is a transcription-dependent association of the replicative helicase and replication 
re-start proteins with co-directional rrn sites in B. subtilis (Merrikh, Machon et al. 2011), 
showing that co-directional transcription can be a road block to DNA replication in vivo.  
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During normal growth, in both rec+ and rec- cells, we did not see any irregularity in the 
replication profile at these sites (Figure 5.14. and 5.15.), consistent with the notion that 
regular co-directional collisions are usually well-tolerated in E. coli (Pomerantz and 
O'Donnell 2010).  Then something makes replication-transcription collisions a problem 
only during thymine starvation. One possibility is that the rescue or continuation of 
replication in front of transcription requires a normal level of dTTP or wild type rates of 
replication. Therefore, during thymine starvation replication could not move beyond 
heavily-transcribed regions.  It is also possible that RNA polymerase may be more prone 
to getting stuck on the template DNA during thymine starvation, hence causing more 
blockages for replication. In any case, our data suggests that the loss (during thymine 
starvation) or accumulation (during HU treatment) of origin-centered chromosomal 
segmant may be delineated by these rrn locations.  Future studies of whether replication-
transcription collisions occur during TLD, and in particular how RecA or other 
recombinational repair proteins may be involved with this process, such as replication 
restart after the collision, will be helpful. 
 
The cell death during thymine starvation likely has multi-faceted causes. It is noteworthy 
that when TLD was first discovered, there was little knowledge about the mechanism of 
replication and recombinational repair themselves. Thus, as we learn even more about 
how recombinational repair proteins help to maintain genome integrity of the cell, we 
will be able to better understand the various observations described in this and past 
studies.  The mechanism of TLD will become clearer as our understanding of different 
cellular processes continue to advance.  The evidence from this study allows us to 
conclude that thymine starvation is genotoxic, and thymineless death is an example of 
how suboptimal chromosomal replication can lead to dire consequences for the cell. 
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APPENDIX A 
 
Table of Strains Used in this Study 
 
Table 1. Table of strains used in this study. 
Strain source 
and name 
Relevant genotype or 
description 
Reference or derivation 
  Previous studies   
AB1157
a
 Rec+ (Bachmann 1987) 
AK3 recD1903::mini-tet (Kuzminov and Stahl 1997) 
AK4 ∆(srlR-recA306)::Tn10 (Csonka and Clark 1979; Shi, 
Stansbury et al. 2005) 
AK43 sulA::lacZ (Mu∆X cat) (Kouzminova and Kuzminov 
2004) 
AK81 recD1009 lexA3 (Tn10) Laboratory collection 
AM3  ∆recF20::cat (Miranda and Kuzminov 2003) 
AK107  recB270(Ts) recC271(Ts) dut-
1 zic4901::Tn10 
(Kouzminova and Kuzminov 
2004) 
AK141 ∆tdk6::kan  (Kouzminova, Rotman et al. 
2004) 
AM3  ∆recF20::cat (Miranda and Kuzminov 2003) 
JB1 ∆recBCD3::kan (Miranda and Kuzminov 2003) 
BW26355 ∆recA635::kan (Datsenko and Wanner 2000), 
CGSC #7651 
JJC213 ∆rep::kan (Uzest, Ehrlich et al. 1995) 
JJC754 ∆ruvABC232::cat (Seigneur, Bidnenko et al. 1998) 
JW5855-2  ∆recQ767::kan (Baba, Ara et al. 2006), CGSC 
#11955 
KL788 lexA71::Tn5 (Krueger, Elledge et al. 1983) 
L-80 ∆ung689::cat (Kouzminova and Kuzminov 
2004) 
LA23 ∆mutS::cat Laboratory collection 
N2731  recG258::Tn10::mini-Kan  (Lloyd and Buckman 1991) 
N3055 ∆uvrA277::Tn10 (McGlynn and Lloyd 2000), 
CGSC#: 6661 
PK3984 ∆uvrD288::kan (Steiner and Kuempel 1998) 
RDK1541 recO1504::Tn5 (Kolodner, Fishel et al. 1985) 
RPC501 nfo-1::kan ∆(xthA-pncA)90 (Cunningham, Saporito et al. 
1986) 
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Table 1. (cont.)   
Strain source 
and name 
Relevant genotype or 
description 
Reference or derivation 
STL114 recJ2003::Tn10-9 Susan T. Lovett. The allele is 
described in(Lovett and Sutera 
1995) 
  This work   
AAM1 ∆thyA71::cat Deletion replacement (Kuong and 
Kuzminov 2009) 
KKW23 ∆tdk7  AK141; kan removed by pCP20 
(Kuong and Kuzminov 2009) 
KKW37 ∆thyA72 AAM1, cat removed by pCP20 
(Kuong and Kuzminov 2009) 
KKW47 ∆deoCABD1::cat  Deletion replacement (Kuong and 
Kuzminov 2009) 
KKW58 ∆thyA72 ∆deoCABD2  KKW 37 x P1 KKW 58, cat 
removed by pCP20 (Kuong and 
Kuzminov 2009) 
KKW59 ∆deoCABD2  KKW 59 x P1 JB 1 
(supplemented with p-recBCD+) 
(Kuong and Kuzminov 2009) 
KKW60 ∆deoCABD2 ∆(srlR-
recA)306::Tn10  
KKW 59 x P1 AK 4 
(supplemented with p-recA+) 
KJK61 ∆thyA72 ∆deoCABD2  ∆(srlR-
recA)306::Tn10 
KKW58 x P1 AK4 (Kuong and 
Kuzminov 2010) 
KKW62 ∆deoCABD2 ∆recBCD3::kan  KKW 59 x P1 JB 1 
(supplemented with p-recBCD+) 
(Kuong and Kuzminov 2010) 
KJK63 ∆thyA72 ∆deoCABD2  
∆recBCD3::kan  
KKW58 x P1 JB1 (Kuong and 
Kuzminov 2010) 
KJK65 ∆thyA72 ∆deoCABD2   KKW58 x P1 JJC754 (Kuong and 
Kuzminov 2010) 
  ∆ruvABC232::cat  
KJK67 ∆thyA72 ∆deoCABD2  
∆recF20::cat 
KKW58 x P1 AM3(Kuong and 
Kuzminov 2010)  
KJK68 ∆thyA72 ∆deoCABD2  
recG258::Tn10::mini-Kan  
KKW58 x P1 N2731 (Kuong and 
Kuzminov 2010) 
KJK72 ∆thyA72 ∆deoCABD2  
∆recBCD3::kan ∆recF20::cat  
KJK67 x P1 JB1 (Kuong and 
Kuzminov 2010) 
KJK73 ∆thyA72 ∆deoCABD2  
recG258::Tn10::mini-Kan 
∆ruvABC232::cat  
KJK68 x P1 JJC754 (Kuong and 
Kuzminov 2010) 
KJK78 ∆thyA72 ∆deoCABD2 
∆ung::cat 
KKW58 x P1 L-80 (Kuong and 
Kuzminov 2010) 
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Table 1. (cont.)   
Strain source 
and name 
Relevant genotype or 
description 
Reference or derivation 
KJK99 ∆thyA72 ∆deoCABD2  KKW58 x P1 AK3 (Kuong and 
Kuzminov 2010) 
  ∆recD1903::mini-tet   
KJK102 ∆thyA72 ∆deoCABD2 ∆(srlR-
recA306)::Tn10 
∆recBCD3::kan 
KJK61 pEAK2 x P1 JB1 (Kuong 
and Kuzminov 2010) 
KJK104 ∆thyA72 ∆deoCABD2 ∆(srlR-
recA306)::Tn10 ∆recF20::cat 
KKW61 x P1 AM3 (Kuong and 
Kuzminov 2010) 
KJK106 ∆thyA72 ∆deoCABD2 
sulA::lacZ (Mu∆X cat) 
KKW58 x P1 AK43 (Kuong and 
Kuzminov 2010)  
KJK112 ∆thyA72 ∆deoCABD2 
∆uvrD288::kan 
KKW58 x P1 PK3984 (Kuong 
and Kuzminov 2010) 
KJK123 ∆thyA72 ∆deoCABD2 
sulA::lacZ (Mu∆X cat) 
lexA71::Tn5 
KJK106 x P1 KL788 (select 
KanR)  (Kuong and Kuzminov 
2010) 
KJK116 ∆thyA72 ∆deoCABD2 lexA3 
(Tn10) 
KKW58 x P1 AK81 (Kuong and 
Kuzminov 2010) 
KJK125 ∆thyA72 ∆deoCABD2 
sulA::lacZ (Mu∆X cat) ∆(srlR-
recA306)::Tn10 
KJK106 x P1 AK4 (Kuong and 
Kuzminov 2010) 
KJK127 ∆thyA72 ∆deoCABD2 
sulA::lacZ (Mu∆X cat) 
∆recF20::cat 
KJK106 x P1 AM3 (Kuong and 
Kuzminov 2010) 
KJK129 ∆thyA72 ∆deoCABD2 
sulA::lacZ (Mu∆X cat) 
∆recBCD3::kan 
KJK106 x P1 JB1(Kuong and 
Kuzminov 2010) 
KJK135 ∆thyA72 deoCABD2 
sulA::lacZ (Mu∆X cat) 
recG258::Tn10 mini kan 
KJK106 x P1 N2731(Kuong and 
Kuzminov 2010) 
KJK137 ∆thyA72 ∆deoCABD2 
sulA::lacZ (Mu∆X cat) 
∆ruvABC232::cat 
KJK106 x P1 JJC754 (Kuong and 
Kuzminov 2010) 
KJK140 ∆thyA72 ∆deoCABD2 ∆(srlR-
recA306)::Tn10 
∆uvrD288::kan 
KJK112 x P1 AK4 (Kuong and 
Kuzminov 2010) 
KJK144 ∆thyA72 ∆deoCABD2 
∆recF20::cat ∆uvrD288::kan 
KJK112 x P1 AM3 (Kuong and 
Kuzminov 2010) 
KJK148 ∆thyA72 ∆deoCABD2  
dnaB22(Ts) malB::Tn9 
KKW58 x P1 AK14 (Kuong and 
Kuzminov 2010) 
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Table 1. (cont.)   
Strain source 
and name 
Relevant genotype or 
description 
Reference or derivation 
KJK158 ∆thyA72 ∆deoCABD2 
∆recBCD4 ∆uvrD288::kan 
kan removed by pCP20 from 
KJK63, then transformed with 
pK134 and x P1 PK3984.  Then 
pK134 lost at 42°C (Kuong and 
Kuzminov 2010) 
KJK164 ∆thyA72 ∆deoCABD2 
∆recQ767::kan 
KKW58 x P1 JW5855-2 (Kuong 
and Kuzminov 2010) 
KJK179 ∆thyA72 ∆deoCABD2 
∆mutS::cat 
KKW58 x P1 LA23 (Kuong and 
Kuzminov 2010) 
KJK185 ∆thyA72 ∆deoCABD2 
∆uvrA277::Tn10 
KKW58 x P1 N3055 (Kuong and 
Kuzminov 2010) 
KJK190 ∆thyA72 ∆deoCABD2 ∆ (srlR-
recA306)::Tn10 
∆ruvABC232::cam 
KJK65 x P1 AK4 (Kuong and 
Kuzminov 2010) 
KJK192 ∆thyA72 ∆deoCABD2  KKW58 x P1 STL114 (Kuong 
and Kuzminov 2010) 
  ∆recJ2003::Tn10-9::kan   
KJK194 ∆thyA72 ∆deoCABD2 KKW58 x P1 RDK1541 (Kuong 
and Kuzminov 2010) 
  recO1504::Tn5   
KJK202 ∆thyA72 ∆deoCABD2 
∆rep::kan 
KKW58 x P1 JJC213 (Kuong and 
Kuzminov 2010) 
KJK211 ∆thyA72 ∆deoCABD2 
∆recF21 ∆ruv232::cam 
cat removed by pCP20 from 
KJK67, then x P1 JJC754 (Kuong 
and Kuzminov 2010) 
KKJ212 ∆thyA72 ∆deoCABD2  KJK65 x P1 JB1 (Kuong and 
Kuzminov 2010) 
  ∆recBCD3::kan ∆ruv232::cam   
KJK216 ∆thyA72 ∆deoCABD2 
sulA::lacZ (Mu∆X cat) 
∆recBCD3::kan ∆recF20::cat 
KJK72 x P1 AK43 (Kuong and 
Kuzminov 2010) 
KJK217 ∆thyA72 ∆deoCABD2 
sulA::lacZ (Mu∆X cat) 
recG232::Tn10 mini-kan 
∆ruv232::cat 
KJK73 x P1 AK43 (Kuong and 
Kuzminov 2010) 
KJK221 ∆thyA72 ∆deoCABD2 
∆recA635:kan 
KKW 58 x PI BW26355 
 
a. AB1157 complete genotype:  F- lambda- rac- thi-1 hisG4 ∆(gpt-proA)62 argE3 thr-1 
leuB6  kdgK51 rfbD1 araC14 lacY1 galK2 xylA5 mtl-1 tsx-33 supE44(glnV44) 
rpsL31(strR). 
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